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Welcome  to  the  Eighth  International  Aerospace  and  Ground  Conference  on  Lightning  and  Static 
Electricity.  This  years  theme,  “LIGHTNING  TECHNOLOGY  ROUND  UP,”  reflects  the 
coalensence  of  the  many  technological  functions,  from  phenomenology  to  the  lightning  hardening  of 
both  Aerospace  and  Ground  Systems.  The  lightning  community  has  come  a  long  way  from  the  days 
of  remote,  lonely  mountain  top  research  with  crude  homemade  instruments.  The  advent  of  modem 
high  technological  data  retrieval  and  analysis  systems  has  “OPENED  THE  DOOR,”  and  provided 
the  scientific  world  with  the  tools  needed  to  unlock  the  mysteries  associated  with  lightning. 

Protection  criteria  for  future  electronic  systems,  has  been  seriously  impacted  through  the 
expanded  use  of  microelectronics,  increased  data  transfer  rates  being  employed  in  state-of  the-art 
digital  systems  and  reduced  shielding  provided  by  advanced  technology  composite  materials  has 
provided  the  ultimate  challenge  to  every  discipline  within  the  lightning  community. 

Problems  associated  with  lightning  activity  are  certainly  International  and  have  no  geographical 
boundaries.  This  conference  is  truly  international  with  approximately  25  percent  of  the  papers  being 
presented  by  international  participants.  This  provides  you  with  an  opportunity  to  learn  new  concepts, 
exchange  ideas,  discuss  new  and  controversial  ideas  and  have  informal  discussions  and 
conversations  with  your  colleagues. 

The  technical  program  has  been  organized  to  offer  something  to  both  the  new  engineer  as  well  as 
|  the  established  research  scientist.  I  would  like  to  express  my  appreciation  and  thanks  to  the  many 

talented  people  who  have  worked  so  hard  to  make  this  a  successful  conference.  This  includes  the 
conference  speakers,  session  Chairmen  and  organizers,  advisors,  and  last  but.  certainly  not  least,  the 
Conference  steering  committee  and  all  their  staff. 
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he  National  Severe  Storms  Laboratory  and  other  agencies  and  institutions  have  collab¬ 
orated  on  storm  studies  in  which  electrical  and  meteorological  phenomena  are  compared  and 
individual  lightning  characteristics  are  studied.  We  have  found  that  lightning  is  usually 
associated  with  higher  radar  reflectivities  from  precipitation  and  often  extends  downwind 
from  the  main  updraft  into  lower  reflectivities^  Lightning  activity  appears  to  be  distri¬ 
buted  vertically  with  a  bimodal  distribution  having  peaks  between  about  4-6  and  11-13  km. 

The  upper  peak  la  in  lower  reflectivities  and  strongly  associated  with  divergent  winds  at 
the  top  of  the  storm.  Lightning  of  significant  horizontal  extent  (tens  of  kilometers) 
appears  to  be  common  in  Great  Plains  storms.  In-cloud  progression  speeds  vary  during  a 
flash  with  maximum  speeds  averaging  about  100  km/s.  Lightning  flashes  that  lower  positive 
charge  to  ground  may  pose  unusual  threats  because  they  can  occur  in  very  weak  reflectivities, 
tend  to  propagate  long  distances,  usually  contain  continuing  current,  have  fast  risetimas 
during  their  return  stroke,  and  appear  to  have  very  high  peak  currents^ 

INTRODUCTION 

In  1978  the  National  Severe  Storms  Labora¬ 
tory  began  coordinated  measurements  of  the 
electricity,  dynamics,  and  precipitation  asso¬ 
ciated.  with  the  large  and  often  severe  thunder¬ 
storms  that  form  over  the  Great  Plains  of  the 
United  States,  This  research  effort  has  incor¬ 
porated  cooperative  studies  with  several  groups, 
including  universities  and  other  U.S.  government 
agencies. 

In  the  central  United  States,  large  and 
often  severe  storms  typically  occur  during  the 
spring  and  early  summer,  although  they  do  occur 
during  other  months  as  well.  The  spring  storms 
are  typified  by  rapid  motion  across  the  terrain 
(speeds  of  >15  m/s),  large  hail  (>3  cm  in 
diameter  is  not  unusual),  strong  surface  winds 
(often  >30  m/s),  high  cloud  tops  (often  >15  km). 

Intense  updrafts,  and  uesocyclones,  and  some¬ 
times  tornadoes.  They  occur  in  squall  lines  or 
in  isolation  and  can  be  of  the  multicell  or 
supercell  type  (1).*  These  characteristics  are 
a  challenge  to  effective  study  of  severe  storms 
and  their  electrical  behavior.  Our  goal  Is  to 
develop  an  understanding  of  relationships 

^Numbers  In  parentheses  designate  references  at 
the  end  of  paper. 


between  electricity  and  co-existing  dynamics 
and  precipitation  in  severe  storms.  Examples 
of  these  interrelationships  and  of  phenomena 
related  to  lightning  hazards  will  ba  presented 
here. 

INSTRUMENTATION 

Measurements  of  electrical  phenomena  are 
made  with  both  fixed  and  mobile  facilities 
(Pig.  1).  The  fixed  facilities  include  a 
lightning  discharge  mapping  system  that  allows 
three  dimensional  location  of  VHP  radiation 
sources  (30-80  MHz)  from  lightning  (2)  at  rates 
of  up  to  1.6x10^  per  sacond  and  out  to  a  range 
of  about  70  km.  Electric  field  changes,  Ae, 
are  measured  with  field  change  sensors  (3)  that 
have  0.7  pa  risa  times  and  decay  time  constants 
t  of  10  a  and  100  pa  (or  1  ms  in  the  present 
version).  The  longer  t  allows  the  entire  flash 
to  be  characterised  by  its  field  change,  while 
the  faster  t  is  used  to  study  waveform  detail 
in  return  strokes,  K-changaa,  etc.  Other 
parameters  wa  measure  include  the  atmospheric 
electric  field,  optical  transients  frosi  light¬ 
ning,  location  of  cloud-to-ground  (CC)  flashes 
within  about  400  km  (Fig.  2),  corona  qur.ent, 
and  precipitation  current.  Doctsaentation  of 
clouds  and  lightning  are  mode  with  television, 
movie,  and  earner ss.  Both  Doppler  and  conven¬ 
tional  radars  are  utilised  to  acquire  echoes 
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from  lightning.  Additional  information  is 
obtained  from  meteorological  soundings  of  the 
atmosphere  and  a  surface  network  that  records 
corona,  wind,  pressure,  temperature,  and 
humidity. 

A  van  has  been  equipped  as  a  mobile  labora¬ 
tory  to  measure  most  of  the  electrical  parameters 
mentioned  above.  Use  of  a  mobile  laboratory 
creates  logistical  problems,  but  placing  instru¬ 
mentation  in  a  relatively  fixed  position  within 
the  severe  storm,  in  particular,  beneath  the 
precipitation-free  cloud  base  (see  asterisk  in 
Fig.  3) ,  provides  the  possibility  of  making 
quantitative  electrical  measurements  in  this 
key  region  (4).  In  tornadic  storms,  the  region 
is  characterized  by  a  strong,  inflowing  low- 
level  wind  that  flows  into  the  rotating  updraft, 
called  the  mesocyclone  (sometimes  visible  as  a 
lowered,  rotating  cloud  base  called  the  wall 
cloud).  If  they  occur,  strong  tornadoes  form 
under  the  wall  cloud.  Because  of  previous  work 
on  the  correlation  of  visual,  severe-atorm 
cloud  features  with  Doppler  radar  analyses,  the 
documentation  of  visual  features  of  thesa  storms 


Figure  1.  NSSL  atom  sleotricity  research  facil¬ 
ities  art  at  Homan  and  Cimarron.  The  two 
major  fixed  sites  are  at  Noman  and  Cimarron. 
These  two  both  have  a  VHF  lightning  mapping 
system  and  a  10- am  wavelength  Doppler  radar. 

The  main  recording  site  for  etom  eleatrioity 
parameters  in  Norman  ie  the  etom  eleatrioity 
building  (SBB).  The  University  of  Mississippi/ 
NSSL  mobile  laboratory  oarriee  much  of  the  earn 
instrumentation  as  need  at  the  SB B.  The  L-band 
(23-am  wavelength)  radar  ie  used  sac  l ueively  to 
acquire  echoes  from  lightning. 


allows  us  to  infer  gross  storm  dynamics  with 
which  to  correlate  electrical  activity  even  when 
storms  occur  outside  the  Doppler  radar  data 
acquisition  area.  Mobility  also  increases 
substantially  the  number  of  severe  storms  that 
;>.re  studied  each  season. 

Radar  information  on  storms  is  obtained 
with  one  conventional  and  two  Doppler,  10-cm 
wavelength  radars.  One  Doppler  is  located  at 
NeSI.  and  the  other  42  km  to  the  northwest.  This 
arrangement  forma  a  primary  dual-Doppler  data 
acquisition  area  that  is  about  200  km  in  length 
and  la  aligned  from  southwest  to  northeast  (5) 
along  the  predominant  direction  of  movement  of 
springtime  Btorms.  Dual  Doppler  data  are  usually 


Figure  2.  Cloud-to-ground  strike  location  net¬ 
work.  The  four  squares  denote  site  locations, 
which  are  about  100  km  apart.  The  nominal  range 
of  detection  is  within  a  radius  of  about  400  km 
of  NSSL.  All  sites  are  capable  of  detecting 
both  positive  and  negative  flashes  to  ground. 


Figure  S.  Sketch  of  typical  tornadic  etom  as 
viewed  from  the  southeast.  The  region  south 
of  the  wall  cloud  (marked  with  an  asterisk)  is 
generally  precipitation  free  and  ie  the  pre¬ 
ferred  close-in  observational  location.  The 
horinontal  dimensions  of  the  sketch  are  com¬ 
pressed,  and  the  downs hear  anvil  that  can 
extend  more  than  a  100  km  (toward  the  NB)  ie 
not  shown. 
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obtained  by  coordinated  scanning  up  through  a 
selected  storm  region.  Each  tilt  nequence  through 
the  storm  region  usually  takes  4  to  3  min. 

Single  Doppler  information,  i.e. ,  only  one  compo¬ 
nent  of  velocity,  can  be  obtained  at  ranges 
greater  than  300  km. 

Logistic  support  and  guidance  for  storm 
intercept,  balloon  launch,  and  aircraft  crews  are 
provided  with  a  radio  communications  network. 
Aircraft  can  be  controlled  and  tracked  at  the 
NSSL  Doppler  facility  making  possible  real-time 
assessment  of  precipitation,  turbulence,  and 
lightning,  which  aids  the  selection  of  desired 
flight  paths. 

OBSERVATIONS 

Severe  Storm,  20  June  1978,  Central  Oklahoma 

Although  only  single  Doppler  data  up  to 
midstorm  level  (7  km)  were  obtained  and  only  a 
few  flashes  were  mapped,  this  storm  is  signifi¬ 
cant  because  it  demonstrates  that  it  is  indeed 
feasible  to  correlate  lightning  with  storm  dy¬ 
namics  and  precipitation.  The  storm  was  a  severe, 
non-tornadic,  suporcell  thunderstorm.  The  storm 
contained  a  mesocyclone  circulation  end  produced 
four  funnel  clouds,  hailstones  up  to  6  cm  in 
diameter,  and  surface  wind  gusts  in  excess  of 
35  m/s.  Details  of  the  observations  made  on  this 
supercell  have  been  reported  by  Goodman  et.  al. 

(6).  The  evolution  of  this  storm  during  our 
observations  is  consistent  with  the  general 
aspects  of  the  mature  and  dissipating  phase  of  a 
supercell  life  cycle  (7)  and  the  entire  evolution 
of  a  mesocyclone  life  cycle  (8). 

Results  of  this  study  are  constrained  by  the 
following:  1)  a  small  number  of  lightning 
flashes  were  mapped;  2)  many  mapped  source  loca¬ 
tions  were  at  higher  altitudes  than  the  r»dar 
data;  3)  all  but  one  of  the  mapped  flashes  oc¬ 
curred  during  the  dissipating  phase  of  the 
supercell  life-cycle;  and  4)  there  is  uncertainty 
in  the  precise  location  and  intensity  of  the 
updraft  because  only  limited  single  Doppler  radar 
data  are  available.  Limitations  notwithstanding, 
some  useful  lneighta  and  relationships  can  be 
inferred  for  the  collapse  stage  of  the  storm: 

1)  Many  of  the  mapped  sources  were  in  the 
vicinity  of  cyclonic  wind  shear  associated  with 
the  updraft. 

2)  The  mapped  sources  produced  by  CG 
flashes  ware  more  closely  associstsd  with  the 
mesocyclone  position  st  etorm  mid-levels  than 
ware  the  mapped  eources  from  intracloud  (IC) 

flashes. 

3)  Mapped  sources  from  both  IC  and  CG 
flashes  were  distributed  over  large  horiiontal 
distances  (approximately  20  km),  and  tha  vertical 
and  horiiontal  axtenta  of  regions  encompassing 
the  mapped  sources  for  individual  IC  and  CG 
flashes  were  highly  variable. 


4)  Many  mapped  sources  occurred  near  the 
reflectivity  core  of  the  storm.  Some  mapped 
sources  occurred  in  regions  of  the  storm  having  a 
reflectivity  factor  of  at  leant  50  dBZ.  This 
agrees  with  observations  reported  by  Rust  et  al. 

(9). 

5)  The  mapped  sources  were  spatially  and 
temporally  associated  with  the  development  of  the 
updraft.  The  number  of  mapped  Bources  in  the 
immediate  vicinity  of  the  mesocyclone  decreased 
sa  it  dscaycd,  and  a  new  region  to  the  aouth  of 
tha  maaocyclona  bacame  electrically  active,  as 
indicated  by  an  incraaaa  in  the  number  of  mapped 
aourcea  aa  a  reflectivity  core  and  region  of 
cyclonic  ahear  formed  nearby. 

Squall  Line,  6  June  1979 

We  examine  one  group  of  cells  (sustained, 
identifiable  radar  reflectivity  cores)  within  a 
squall  line  that  developed  during  midafternoon. 

Our  analysis  covers  thle  etorm  as  it  approached 
Xhe  laboratory  from  the  weet  during  1640-1708 
GST.  It  was  categorized  as  severe  because  it  had 
produced  large  hall  and  atraight-line  winds  in 
excess  of  25  m/s.  but  there  was  neither  a  meso¬ 
cyclone  nor  tornado. 

We  located  342  flashes  within  this  storm 
between  1640  and  1708  CST.  Of  these  flashes,  149 
were  CG,  giving  an  IC:CG  ratio  of  1.3:1.  Using 
our  lightning  strike  locating  e/utam,  we  mapped 
the  CG  strike  locations  onto  radar  reflectivity 
contours  at  a  height  of  5  km.  Tha  median  value 
of  reflectivity  at  5  km  above  tha  etrike  points 
was  40  dBZ.  About  75X  of  all  flashes  struck 
beneath  reflectivities  of  >20  dBZ.  In  general, 
the  strike  point  does  not  Indicate  the  location 
of  the  intracloud  position  of  these  flashes 
because  of  the  significant  horisontal  propagation 
that  is  common  for  flashes  in  such  storms. 

Flashing  ratas,  while  not  extreme,  were  high, 
with  averages  of  5  per  minute  for  CG  flashes  and 
12  per  minute  for  all  flaahaa. 

From  the  dual-Doppler  radar  data,  we  have 
derived  estimates  of  all  three  wind  velocity 
components.  The  VHF  mapped  source  locations 
tended  to  occur  in  regions  of  weak  updraft 
(<10  m/s),  often  adjacent  to  regiona  of  downdraft. 
The  lightning  generally  stretched  from  the  reflec¬ 
tivity  cores  and  strong  updrafts  downwind  within 
tha  storm.  Fair  VHF  sources  were  within  cores  of 
reflectivity  in  excess  of  45  dBZ. 

We  also  have  examined  radar-determined 
parameters  to  correlate  with  flashing  rates. 

Maximum  reflectivity  and  maximum  inferred  updraft 
speed  are  shown  in  the  lower  portion  of  Fig.  4, 
with  the  number  of  lightning  flashes  plotted  in 
the  upper  portion  of  the  figure.  The  plots  are 
partitioned  into  4-mln  Intervals  that  coincide 
approximately  with  the  dual-Doppler  data  acquisi¬ 
tion  periods.  There  is  an  Interesting  apparent 
correlation  of  the  trenda  in  updraft,  reflectivity, 
and  total  flashing  rate  in  the  16-20  min  interval. 
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Note  also  Chat  throughout  the  entire  period,  the 
maximum  updraft  speed  end  the  total  flashing  rate 
change  In  the  same  direction.  The  lightning 
activity  is  characterised  by  s  slight  decrease  in 
CG  flashes  and  a  large  increase  in  IC  activity 
during  the  last  interval  analysed.  A  determi¬ 
nation  of  whether  these  apparent  correlations  are 
characteristic  of  large  storms  awaits  additional 
analyses  of  other  storms. 

Flash  Density  in  Squall  Line,  20  May  1980 

We  have  used  our  radars  for  location  of 
lightning  in  storms  at  long  ranges  (10,11). 
Although  radar  techniques  are  particularly  useful 
at  long  ranges  from  the  observing  site,  lightning 
outside  the  radar  beam  is,  of  course,  not  ob¬ 
served.  During  a  squall  line  on  20  May  1980,  we 
used  on  L-band  radar  (23-cm  wavelength)  with  an 
antenna  beam  width  of  2.5*  in  asimuth  end  a 
cosecant  squared  vertical  pattern  and  observed 
1055  flashes  during  e  46  min  period.  The  ICtOG 
flesh  retio  wee  et  least  40:1.  With  our  Dcpplst 
.radar,  we  alao  recorded  the  precipitation  in  four 


Figure  4.  Lightning  nativity  and  storm  parm- 
stsrs,  6  .Tuns  1971).  Ths  radar  data  ars  from  a 
dual  Doppler  analysis  for  a  hsight  of  9.6  fen. 
Ths  trend  in  ths  total  numbsr  of  flashes,  i.s,, 
both  CQ  and  IC,  psr  4-min.  intsrval  is  ths  sens 
as  for  ths  meueimm  infsrrsd  updraft  vslooity. 


cells,  one  growing  snd  then  dissipating  and  the 
other  three  still  growing  at  the  end  of  the 
obaervatlon. 

From  these  data  we  infer  the  following  about 
lightning  in  squall  lines:  1)  the  maximum  number 
of  flashes  may  not  coincide  spatially  with  the 
highest  precipitation  reflectivity,  2)  there  is  a 
tendency  for  most  lightning  to  have  et  least  some 
portion  of  each  flash  near  the  leading  edge  of 
the  precipitation  core,  and  3)  throughout  the 
electrically  active  life  of  cells  there  ere 
fleshes  that  are  shorter  and  longer  then  20  km; 
as  e  cell  develops  end  lightning  activity  increases, 
shorter  onee  predominate;  as  e  cell  dissipates, 
the  shorter  fleshes  diminish  and  the  longer  ones 
dominate  the  activity. 

Spatial  Extent  of  Lightning 

Several  investigators  have  reported  the 
existence  of  long,  horizontal  flashes  (see  e.g., 
12,13,2,3,10).  We  ere  finding  that  long  flashes 
eve  common  in  Oklahoma  storms;  flash  length  is 
apparently  associated  with  atorm  cloud  alxe.  An 
example  of  how  two  different  system*,  radar  and 
VHF  mapping,  map  the  same  long  flash  ie  shown  In 
Fig.  5.  The  flesh  le  first  observed  in  the  L- 
bend  radar  beam  at  about  75  km,  just  beyond  the 
range  of  the  VHF  mapping  system.  The  total 
length  of  the  lightning  activity  mapped  with  the 
two  eyscems  is  >100  km. 


Figui's  6.  Lightning  flash  mappsd  with  VHF  and 
L-bcmd  radar,  20  May  1980  at  1129:26  CST.  Ths 
shadsd  area  is  ths  radar  bsamwidth;  ths  long 
dashsd  linss  dsnote  ths  VHF  mapping  ssotovs 
from  Homan  and  Cimarron.  Ths  tins  with  arose 
ties  is  ths  path  of  ths  osntsr  of  ths  disahargs 
obtained  from  ths  VHF  mapping.  Arrows  indioats 
ths  dirsatu  ■>.  of  progrsssion,  Dashsd  lins  ssa- 
msnts  rsprsi  nt  unosrtain  portions  of  the  path. 
The  arose  tnas  ars  svsry  20  ms,  labslsd  e<‘ah 
100  ms  aftsr  1129:28.000,  A,  B,  and  C  mark  ths 
ooinoidsnas  in  range  and  time  as  mappsd  with 
both  systems.  In  addition  to  ths  main  part  of 
ths  flash,  there  were  other  disahargs  paths 
that  moved  in  various  direotione.  They  stopped 
radiating  prior  to  ths  snd  of  ths  flash. 
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In-Cloud  Progression  Speed  of  Lightning 


Vertical  Distribution  of  Lightning 


Estimates  have  been  made  of  the  progression 
speed  of  discharges  within  clouds  using  various 
mapping  techniques  (e.g.,  2,14).  Taylor  (9) 
mapped  flashes  in  Oklahoma  and  found  typical 
speeds  of  about  60  km/s.  We  also  have  used 
L-band  radar  to  measure  radial  progression  speed. 
Shown  in  Fig.  6  is  an  example  of  a  lightning 
flash  whose  extent  is  >30  km.  Notice  that  the 
flash  progresses  toward  the  radar  (labeled  feat) 
and  then  seems  to  stop  for  several  milliseconds 
before  moving  forward  again.  This  appears  to  be 
a  typical  pattern  in  radar  data  for  the  develop¬ 
ment  of  a  flash.  Using  this  radar  technique,  we 
have  measured  in  cloud  progression  speeds  as  high 
as  250  km/s,  with  the  average  being  about  100 
km/s. 
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Jigure  6.  Range-time  variation  of  radar  eoho 
from  IC  lighting,  20  Hay  1980.  At  any  time 
the  width  of  tfo  shaded  region  shove  the  total 
range  extent  of  the  lightning  eoho  within  the 
antenna  been. 


Lightning  is  found  at  all  heights  within 
storms,  but  there  appear  to  be  preferred  heights 
where  most  activity  occurs.  Details  are  being 
presented  in  other  papers  at  this  conference 
(e.g.,  Taylor,  MacGormen  at  al.,  Mazur  et  al,). 
Previously,  we  (9)  have  presented  VHF  mapping 
data  that  suggest  CG  flashes  tend  to  begin  and 
have  their  center  of  activity  slightly  lowor  than 
IC  flashes.  The  median  discharge  height  for  the 
CG  and  IC  flashes  studied  was  4.3  km  and  5.9  km, 
respectively.  Furthermore,  when  we  have  plotted 
all  VHF  mapped  sources  versus  height,  we  find  a 
bimodal  distribution  with  peak  activities  between 
about  4-6  km  and  11-13  km  in  Oklahoma,  small  severe 
storms  (Fig.  7).  We  have  observed  this  same  sort 
of  bimodal  vertical  distribution  near  Wallops 
Island,  Virginia  where  we  used  a  vertically 
scanning  radar  to  locate  lightning.  During 
penetrations  of  the  upper  part  of  the  Virginia 
storms  with  the  NASA  F106,  it  was  possible  to 
maximize  the  number  of  strikes  to  the  aircraft  by 
flying  at  the  height  of  the  upper  maximum  in  the 
lightning  activity. 

Positive  CG  Flashes 

Flashes  that  lower  positive  charge  to  ground 
(+CG)  have  been  documented  by  several  investiga¬ 
tors.  Most  of  the  studies  prior  to  the  late 
1970's  were  of  flashes  to  tall  structures  (see, 
e.g.,  15).  In  these  studies  it  was  noted  that 
positive  flashes,  while  numbering  only  a  few 
percent  of  all  CG  flashes,  often  had  vary  large 
peak  currents.  These  flashes  were  termed  trig¬ 
gered  because  tall  structures  were  Involved. 
Positive  CG  have  also  been  thought  to  occur 
naturally,  i.e.,  not  triggered  by  tall  structures. 
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Figure  ?.  Altitude  distribution  of  number  of 
mapped  VBF  impulse  eouroee  from  flashes  during 
a  non-savers  storm,  19  June  1980.  This  type 
of  bimodal  distribution  has  been  observed  in 
several  Oklahoma  atoms.  The  major  flashes 
are  those  IC  and  CO  generally  observed ,  while 
the  minor  flashes  are  apparently  smaller  sis* 
intraaloud  flashes  that  dominate  the  activity 
in  the  upper  part  of  the  atom. 
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This  was  confirmed  in  .1978  by  Takeuti,  Brook,  and 
their  colleagues  (16)  who  reported  that  most  CG 
flashes  that  occur  in  winter  storms  over  che 
Japanese  coast  are  positive.  As  a  result,  we 
began  looking  for  +CG  flashes  in  Oklahoma  during 
spring  storms.  We  have  found  that  indeed,  +CG 
flaohes  are  present  during  severe  storms  and 
squall  lines  and  may  pose  unusual  threats  to 
aviation. 

We  pre  ent  here  our  analysis  of  31  confirmed 
CG's  that  were  positive.  We  have  observed  +CG 
flashes  to  emanate  from  specific  regions  of 
severe  storms  as  indicated  in  Fig.  8.  Depleted 
in  the  figure  is  the  classical  supercell  thunder¬ 
storm,  which  contains  an  intense  convective 
region,  shear,  large  anvil,  and  rotation.  Of  the 
CG  flashes  we  observed  within  isolated  severe 
thunderstorms,  only  negative  charge  haB  been 
lowered  to  ground  by  fleshes  within  the  heavy 
precipitation  regions.  Those  from  under  the 
upshear  anvil  on  the  back  of  the  storm  and  from 
the  downshear  anvil  near  the  main  storm  tower  can 
lower  charge  of  either  polarity,  but  usually 
lower  negative  charge.  Of  the  few  flashes  we 
have  observed  to  emanate  from  wail  clouda,  we 


Figure  8.  Observed  looationg  of  CG  flashes  based 
on  observations  of  31  confirmed  +CG  and  numer¬ 
ous  -CG  flashes  in  several  isolated,  severe 
storms. 
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Figure  9.  Eleatrio  field  ahange  for  +CG  flash, 

20  May  1980  at  about  1913:3!  CST.  SA  denotes 
that  the  instrument  had  a  10  s  deoay  time  (see 
instrumentation  section  in  text).  The  return 
etroke  is  labeled  R.  This  flash  was  observed 
to  emanate  from  the  down  shear  anvil  of  a  storm 
shortly  after  a  wall  aloud  formed. 


have  documented  two  that  were  positive.  Nearly 
all  of  the  flashes  to  ground  from  the  downshear 
anvil  and  well  away  from  the  storm  tower  have 
been  positive.  Most  of  the  +CG  flashes  that  we 
have  observed  have  emerged  from  high  in  the 
storm,  the  notable  exception  being  those  from  the 
wall  cloud , 

Single-stroke  rCG  flashes,  which  are  the 
vast  majority  of  positive  flashes,  have  a  rather 
typical  but  not  unique  electric  field  change 
(Fig.  9).  Usually  the  flash  shows  substantial 
preliminary  activity  (240  ms  average)  followed  by 
a  return  stroke  whose  amplitude  averages  about 
one-tenth  the  total  field  change.  The  presence 
of  continuing  current  is  suggested  by  the  large, 
slow  field  change  after  the  return  stroke.  Since 
our  initial  analysis  of  the  thirty-one  +CG  flashes, 
we  have  obtained  simultaneous  electric  field, 
optical,  photographic,  and  television  data  for  a 
fee  other  +CG  flashes.  An  example  is  shown  in 
Fig.  10.  The  field  change  Is  typical.  A  large 
ELF  radiation  pulse  occurs  at  the  time  of  each 
return  stroke.  The  electric  field  waveform 
(Fig.  11)  shows  a  zero-to-peak  risetime  of  about 
4  )jh.  Shorter  +CG  return-stroke  risetlmes  have 
been  observed,  with  the  fastest  in  the  submlcro- 
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Figure  10.  Electric  field  change,  A E,  and  ELF 
waveform  for  +CG  flash  recorded  at  the  SEB, 

30  May  1982.  The  time  arrow  denotes  time  at 
the  oenter  of  the  scale  with  full  seals  being 
1.0  s.  The  return  etroke  is  labeled  R  and  ie 
coincident  with  the  firet  large  ELF  pulse  that 
also  shows  the  return  stroke  lowered  positive 
charge  (the  second  ELF  pulse  is  an  instrumental 
artifact) .  The  amplitude  calibration  for  A E 
ie  shown. 
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Figure  11.  Electric  field  waveform  for  flash 
shown  in  Fig.  10.  The  zero-to-peak  fine,  r, 
for  this  return  stroke  is  about  4  pa. 


Figure  12.  Streak-film  photograph  of  +CG  flash 
described  in  Figs.  10  and  11.  _  Continuing  cur¬ 
rent  is  evident  from  the  continuous  smearing 
of  luminosity.  It  lasts  for  about  60  ms;  the 
associated  continuing  current  field  change 
can  be  seen  in  Fig.  10  from  R  to  the  first 
'break'  in  the  curve. 

second  range  (17) .  The  flash  shown  hare  was 
captured  on  TV  and  with  a  streak  camera  (Fig.  12). 
Notice  the  blurred  cliannel  luminosity  that  veri¬ 
fies  continuing  current  is  present  as  indicated 
by  the  field  change.  The  four  +CG  flashes  for 
which  we  have  streak  camera  or  TV  Images  show  the 
presence  of  continuing  current.  Baaed  on  the 
high  percentage  of  single— stroke  +CG  flashes  that 
have  similar  field  changes  and  these  few  with 
confirmed  continuing  current,  v*  suspect  that 
continuing  current  is  a  common  occurrence  in  +CG 
flashes. 

We  have  obtained  photographs  of  two  +CG 
flashes  clearly  showing  downward  branches,  thus 
indicating  downward  leader  propagation.  Of  the 
+CG  flashes  we  have  observed  in  Oklahoma  storms, 
we  have  no  evidence  of  upward  propagation,  which 
would  be  indicative  of  tall  structure  triggering. 
Thus  it  appears  as  if  these  +CG  flashes  occur 


Figure  12.  Map  of  thunder  acoustic  sources  for 
+CG  flash.  Coordinates  are  relative  to  HSSL. 

The  major  part  of  the  flash  was  nearly  directly 
overhead  with  significant  discharge  activity 
extending  to  a  height  of  about  IS  km.  The 
freezing  level  was  at  about  4  km. 

naturally  to  the  relatively  flat  terrain  in  the 
Oklahoma  area. 

Not  only  do  we  find  +CG  flashes  in  thu 
mature  and  late  stages  of  aupercells,  but  we  also 
observe  them  on  the  back  side  of  squall  lines. 

In  fact,  our  recent  observations  suggest  that 
squall  lines  may  produce  more  +CG  flashes  than 
isolated  storms.  In  squall  lines  the  +CG  flashes 
appear  to  propagate  very  long  distances  before 
coming  to  ground. 

We  have  mapped  the  locations  of  acoustic 
sources  from  two  +CG  flashes  using  the  thunder 
technique  for  mapping  lightning  channels  described 
by  Few  (18)  and  Teer  and  Few  (13) .  Shown  in 
Fig.  13  are  the  reconstructed  thunder  source 
locations  for  one  of  six  positive  flashes  that 
occurred  in  an  8-min  period  on  6  June  1979 
following  the  passage  of  the  more  Intense  part  of 
the  squall  line  over  NSSL  (this  is  the  same 
squall  line  described  in  an  earlier  section). 

The  flash  was  observed  to  come  to  ground  to  the 
west.  From  a  time-to-thunder  measurement,  we 
infer  it  struck  earth  about  8  km  sway.  Many 
thunder  sources  in  both  flasbss  were  located  at 
or  just  above  the  freeaing  level,  approximately 
4  km  above  ground  (or  4.7  km  MSL).  There  were, 
however,  a  significant  number  of  sources  above  10 
km. 

Data  from  our  Clnoaron  Doppler  radar  show 
that  the  acoustic  sources  lower  than  about  5  km 
were  located  in  reflectivities  of  <17  dBZ,  while 
those  above  10  km  were  located  in  even  weaker 
reflectivities.  This  flash  was  about  30  km  from 
the  closest  large  precipitation  core  of  >50  dBZ, 
and  it  was  on  the  back  side  of  the  squall  line. 

There  are  several  aspects  of  +CG  flashes 
that  we  feel  need  further  study  to  ascertain 
whether  these  flashes  may  pose  an  unusual  threat 


1-7 


to  aviation.  They  include: 

1)  the  presence  of  very  fast  return  stroke 
risetimes 

2)  the  presence  of  large  peak  currents 

3)  the  frequent  occurrence  of  continuing 
current  in  the  return  stroke  channel 

4)  the  tendency  for  these  flashes  to  be  in 
low  reflectivity  regions,  which  can 
appear  innocent  on  radar,  and 

5)  their  very  large  spatial  extent. 
CONCLUDING  REMARKS 

He  believe  that  several  aspects  of  our 
research  are  relevant  to  lightning  hazards 
to  aviation.  Study  areas  that  we  are  currently 
addressing  include:  1)  procedures  for  real-time 
guidance  of  research  aircraft,  2)  the  location  of 
lightning  relative  to  storm  features  in  different 
storm  types,  3)  techniques  for  warnings  to  ground 
operations,  4)  lightning  location  relative  to 
turbulence  within  storms,  5)  peak  currents  in 
channels  of  both  -CG  and  +CG  flashes,  and 

6)  assessment  of  whether  +CG  flashes  pose  unusual 
hazards. 

Progress  is  being  made,  and  we  invite  other 
interested  investigators  to  join  us  in  continued 
and  increased  collaborative  efforts. 
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ABSTRACT 


INTRODUCTION 


The  Flight  Dynamics  Laboratory  of  the  Air 
Force  Wright  Aeronautical  Laboratories  ( AFWAL/ 
FIEA)  is  administering  an  Advanced  Development 
Program  (ADP)  with  support  from  other  Govern¬ 
ment  Agencies;  e.g. ,  members  of  the  National 
Interagency  Coordination  Group  (NICG) >  to 
design  and  demonstrate  Atmospheric  Electricity 
Hazards  Protection  (AEHP)  for  advanced  tech¬ 
nology  A/C.  The  prime  Contractor  for  the  AEHP 
program  is  the  Boeing  Military  Airplane  Company 
(BMAC) .  The  fifty-four  (54)  month  (Technical 
Performance)  Air  Force  Contract  was  initiated 
on  1  April  1982. 

~^The  two-Phase  AEHP  Program  will  consist  < 
a  twenty-one  .(il )  month  Phase  One  for  Protec¬ 
tion  Definition  and  thirty-three  ISG^raonth 
Phase  Two  for  Effectiveness  Demonstration. 
During  the  AEHP  program^ the  electromagnetic 
(EM)  environment  resulting  from  aircraft  (A/C) 
interaction  with  .Atmospheric  Electricity  (AE) r 
e.g.,  Lightning  and  .Precipitation  Static  (’  will 
be  defined  and  the  impact  of  that  environment 
on  electrical/electronic  subsystems  and 
equipment  assessed.  Tradeoffs  will  then  be 
exercised  to  prescribe  AEHP  concepts  which  are 
compatible  with  protection  required  against 
other  EM  threats^  e.g.,  EMI,  NEMP„  From  the 
candidate  protection  concepts  available, 
optimized  AEHP  schemes  for  various  classes  of 
vehicles ; ‘ e . g . ,  Fighters ,  Transports/Bombers , 
Helicopters,  and  Missiles,  will  be  specified. 
The  effectiveness  of  the  protection  provided 
will  be  demonstrated  through  ground  based  AE 
simulation  utilizing  full-scale  A/C  and 
operating  electrical/electronic  subsystems  and 
equipment  employing  appropriate  AEHP  concepts. 
The  AEHP  Program  will  emphasize  timely 
information  distribution  and  participation  by 
interested  organizations  and  personnel. 

K 

This  paper  provides  an  overview  of  the  AE 
threats  defined  for  the  AEHP  Program  and 
presents  an  outline  of  the  effort  planned  for 
the  AEHP  Contract  Program.  It  is  the  intent  of 
the  Air  Force  management  office  for  the  AEHP 
Program  to  maintain  communication  with  the 
technical  community  in  order  to  more  effective¬ 
ly  direct  Program  investigations  and  encourage 
the  timely  transfer  of  results.  Constructive 
criticism  of  AEHP  Program  activities  is  encour¬ 
aged  to  insure  effective  application  of  Program 
resources. 


The  AEHP  Advanced  Development  Program 
enjoys  the  application  of  financial  and  Program 
resources  by  an  assembly  of  Military/Civilian 
Agencies.  This  support  is  suggested  on  the 
Logo  for  the  ADP  shown  as  Figure  1.  The  Flight 
Dynamics  Laboratory  of  the  Air  Force  Wright 
Aeronautical  Laboratories  (AFWAL/FI)  provides 
the  ADP  office  for  interagency  coordination  and 
AEHP  Program  direction.  Other  Federal  Military 
Agencies  contributing  to  the  Program  include 
other  Air  Force  Laboratories  and  the  Aero¬ 
nautical  Systems  Division,  aB  well  as  the  Army, 
the  Navy  Air  Systems  Command  and  the  Defense 
Nuclear  Agency.  In  addition,  the  Federal 
Aviation  Administration  and  the  National 
Aeronautics  and  Space  Administration  are 
participating  in  the  Program.  The  Boeing 
Military  Airplane  Company  (BMAC)  is  the  Prime 
Contractor  for  the  Program.  The  National 
Interagency  Coordination  Group  (NICG)  for  the 
National  AEHP  Program  meets  annually  to  review 
the  work  accomplished,  underway  and  planned  by 
various  Agencies  to  encourage  a  coordinated 
application  of  Federal  resources  for  AEHr 
investigations. 


Figure  1  -  AEHP  ADP  LOGO 
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In  addition  to  the  Agencies  identified  in  the 
AEHP  Logo,  the  National  Seve’-j  oi_orms  Labora¬ 
tory  of  the  National  Oceanographic  and  Atmos¬ 
pheric  Administration  .NOAA/NSSL)  is  also  a 
member  of  the  UICG. 

The  first  Phase  of  the  AEHP  Program  will 
result  in  the  definition  of  balanced  protection 
concepts  to  provide  confidence  for  all-weather 
application  of  advanced  avionic  and  structural 
concepts  in  military  and  civilian  scenarios. 
Balanced  protection  concepts  which  are  appro¬ 
priate  for  each  of  four  classes  of  A/C;  e.g.. 
Fighters,  Transports/Bombers,  Helicopters,  and 
Missiles  will  be  provided.  This  Phase  was 
initiated  on  1  April  1982  and  is  scheduled  to 
extend  through  December  1983  (21  months) . 

During  Phase  One  of  the  Program,  the  electro¬ 
magnetic  environments  incident  on  A/C 
electrical/electronic  systems  will  be  defined 
and  appropriate  protection  schemes  defined. 

The  balanced  protection  identified  will  provide 
appropriate  protection  for  flight/mission 
critical  elements  of  modern  A/C  when  operated 
in  the  AE  threat (s)  defined.  In  order  to 
achieve  this  result,  the  interaction  of  AE 
environments  with  modern  A/C  structures (s) ; 
e.g..  Advanced  Composite  Materials,  Lexan,  high 
resistance  metals;  must  be  determined  to 
characterize  the  AE  associated  threat  incident 
on  advanced  electrical/electronic  elements; 
e.g.,  Fly-by-Wire,  Power-by-Wire ,  et  al. 
Appropriate  hardening  schemes  will  then  be 
designed  to  assure  confident  operation  of 
flight/mission  critical  elements  under  AE 
threat  conditions.  The  hardening  employed  will 
include  a  balanced  set  of:  system,  power,  and 
information  shielding;  passive/active  system 
protection;  et  al.  The  AEHP  concepts  pre¬ 
scribed  will  also  be  evaluated  for  their 
contribution  to  protection  against  other  EM 
threats;  e.g.,  EMI,  NEMP;  and  protection 
concepto  against  the  latter  will  be  considered 
for  incorporation  in  the  final  AEHP  schemes 
specified.  Finally,  Phase  One  will  provide  an 
updated  definition  of  the  procedures  to  be 
employed  in  Phase  Two  to  demonstrate  the  effec¬ 
tiveness  of  the  AEHP  provided  through  applica¬ 
tion  of  the  Interim  Dosign  Guides  derived  from 
the  Phase  One  investigation. 

Currently,  Phase  Two  is  anticipat 3d  as 
having  a  January  1984  start  with  the  technical 
investigations  program  being  completed  by 
October  1986  (33  months).  During  that  period, 
it  is  planned  to  configure  modified  YUH-61 
Helicopter  and  F-14  test  beds  with  representa¬ 
tive  advanced  electrical/electronic  systems  and 
advanced  structural  concepts  to  demonstrate  the 
effectiveness  of  the  balanced  AEHP  defined 
during  Phase  One.  The  test  bed  A/C,  together 
with  protected  electrical/electronic  systems 
representative  of  A/C  of  the  1990's  will  be 
subjected  to  interaction  with  simulated  light¬ 
ning  flashes  which  will  be  representative  of 
the  AE  threat  determined  during  the  ADP.  The 
results  of  these  tests  will  be  evaluated  and 


appropriate  adjustments  made  to  the  protection 
schemes  employed.  In  addition  to  the  demonstra¬ 
tion  of  balanced  protection  effectiveness, 
techniques  for  qualification  of  protection  and 
continued  assessment  of  the  integrity  of  the 
AEHP  provided  will  be  identified  and  demon¬ 
strated. 

The  AEHP  ADP  invites  contributions  from 
the  aerospace  technical  community  to  improve 
the  effectiveness  of  the  Program  and  aid 
transition  of  Program  results  to  aerospace 
system  application.  Your  constructive  criti¬ 
cism  of  the  AEHP  Program  is  encouraged. 
Continuing  interactions  will  improve  the 
quality  of  the  AEHP  Program  and  yield  a  maximum 
return  on  the  Program  investment. 

PHASE  ONE  (I) 

The  AEHP  ADP  is  configures  as  a  two  Phase 
effort  with  Phase  I  being  directed  toward  the 
development/design  of  effective  AEHP  for  the 
four  classes  of  flight  vehicles  displayed  in 
Figure  10,  i.e.,  Fighters,  Transports/Bombers, 
Cruise  Missiles,  Helicopters. 

Atmospheric  Electricity  Threat  -  The  electrical 
threat  environment  associated  with  atmospheric 
electricity  phenomena  has  had  recent  intense 
investigations.  This  Program  will  continue 
through  the  Summer  of  1983  with  lightning 
attachment  experiments  planned  by  both  NASA 
(LaRC)  and  AFWAL  (FIESL) .  The  results  of  these 
and  other  investigations  wi?.l  be  afforded  close 
scrutiny  during  the  AEHP  ADPO  and  appropriate 
adjustments  to  the  AE  environment  made  for  the 
Program,  when  warranted.  For  the  present,  the 
historical  data  bases  for  Lightning  and  P-Static 
environments  have  been  examined,  including 
near-term  investigations,  and  an  Atmospheric 
Electricity  Hazards  Threat  Environment  Defini¬ 
tion  report  prepared. 

Atmospheric  Electricity  Threat  Definition  -  The 
characterization  of  the  atmospheric  electricity 
threat  environment  imposed  on  flight  and 
mission  critical  electrical/electronic  elements 
aboard  A/C  is  important  for  the  AEHP  Program. 

The  initial  definition  of  both  lightning  and 
precipitation  static  associated  electrical 
environments  for  A/C  has  been  taken  from  the 
technical  record.  In  the  case  of  precipitation 
static,  the  literature  base  has  been  examined, 
and  the  significant  threat  parameters  with 
their  range  of  magnitudes  noted  for  inclusion 
in  the  atmospheric  electricity  threat  charac¬ 
terization.  There  appears  to  be  no  need  for 
additional  exploration  to  define  the  precipita¬ 
tion  static  electrical  environment  at  the  A/C 
surfaces.  For  the  lightning  case  however, 
although  an  appropriate  initial  characteriza¬ 
tion  has  been  achieved  for  use  during  Phase  I 
of  the  AEHP  Program,  both  existing  and  new  data 
will  continue  to  be  evaluated  for  contribution 
to  the  characterization  of  the  lightning 
threat. 
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MODERATE  THREAT 


SEVERE  THREAT 


Figure  2  -  LIGHTNING  WAVE  FORM 

For  defining  the  initial  characterization 
of  the  lightning  threat  which  will  be  con¬ 
sidered  during  the  AEHP  ADP,  the  "best"  avail¬ 
able  data  has  been  employed.  This  characteriza¬ 
tion  will  be  reviewed  and  revised,  as  necessary, 
as  "new"  data  becomes  available.  The  "initial" 
threat  is  based  on  three  major  sources  of 
lightning  current  measurement  which  have  an 
adequate  statistical  base;  e.g.,  Berger  in 
Switzerland,  Garbagnati  in  Italy,  and  Uman, 
Weidman  and  Krider  in  the  United  States.  From 
these  measurements  there  is  sufficient  evidence 
to  demand  the  increase  of  the  prior  accepted 
lightning  maximum  rate  of  current  rise  by  a 
factor  of  two  which  has  been  included  in  the 
initial  characterization  of  the  AEHP  threat  vo 
A/C. 


The  "initial  single  stroke  lightning 
threat  has  been  characterized  by  double  exponen¬ 
tial  current  waveforms  (Figure  2) ,  The  severe 
threat  for  the  AEHP  Program  has  a  maximum  rate 
of  rise  of  200  ka/Hs  with  a  peak  current  of 
200kA,  a  falltime  to  half-peak  valge2of  50vis, 
and  an  action  integral  of  1.5  x  10  A  -sec. 

The  moderate  threat  has  a  20kA  peak  current 
with  a  maximum  rate  of  rise  of  50kA/lis,  a 
fall-time  to  half-peak  valug  gf  50Us  and  an 
action  integral  of  1.5  x  10  A  -sec.  These 
parameters  are  shown  m  Table  1.  Moderate  and 
severe  lightning  flashes  consist  of  multiple 
strokes  of  the  nature  shown  in  Table  1. 

Lightning  flash  characteristics  are  shown  in 
Table  2. 

Airborne  lightning  characterization 
programs  have  been  conducted  by  both  NASA  and 
AFWAL/FXESL  which  assist  with  evaluation  of 


TABLE  1  -  LIGHTNING  PARAMETERS 


PEAK  CURRENT 


PEAK  RATE-OF-RISE 


ACTION  INTEGRAL 

nc  r4  2 
1.5  x  10  amp  -sec 

6  2 

1.5  x  10  amp  -nee 


Moderate : 
Severe : 


20kA 

200kA 
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5  x  10^°  aaps/sec 
2  x  10x^  amps/sec 


TABLE  2  -  LIGHTNING  FLASH  CHARACTERISTICS 


Duration  of  induced  transient 
°  Inter-stroke  time  interval 

Time  duration  of  lightning  event 
°  Number  of  strokes 


lightning  current  models  and  will  lead  to 
confirmation  or  adjustment  of  the  current 
lightning  characterisation  being  employed. 

FIESL  has  also  conducted  Rocket-Triggered 
Lightning  (RTL)  experiments  from  Mt  Baldy  in 
New  Mexico  and  further  RTL  investigations  are 
planned  for  Florida  in  Summer  1983.  Additional 
programs  planned  for  this  summer  by  both  Groups 
are  expected  to  contribute  significantly  to 
this  effort.  To  assure  that  the  AEHP  ADP  is 
afforded  full  benefit  from  these  continuing 
investigations,  resources  have  been  provided 
for  data  analysis  and  model/characterization 
adjustment  under  the  AEHP  Program. 

With  the  attachment  of  lightning  flashes 
to  A/C  or  the  incidence  of  electromagnetic 
fields  from  nearby  lightning  events,  as  well  as 
with  charge  accumulation  resulting  from  preci¬ 
pitation  static,  currents  and  fields  will  be 
experienced  at  the  surface  of  A/C.  The  wave¬ 
form  of  this  energy,  as  well  as  the  magnitude 
of  energy  transferred  to  elements  inside  the 
A/C  will  be  affected  by  A/C  geometry  and 
material.  Various  computer  codes  have  been 
evaluated  to  determine  the  characteristics  of 
the  threat  at  the  circuit/element  station  in  an 
A/C  as  the  result  of  transfer  functions  and 
coupling  effectiveness.  Among  codes  which  have 
been  applied  are  WIRANT,  THREDE,  SRC- 2D,  as 
well  as  PRERTO/TRAFFIC ,  It  is  anticipated  that 
the  SRC-3D  code  may  also  be  available  for  use 
in  the  AEHP  Program. 

These  codes  have  made  possible  the  predic¬ 
tion  of  fields  and  currents  to  be  experienced 
during  lightning  simulation  tests  with  the  ALCM 
and  YG-16  plus  F-16  mock-up  test  beds.  These 
predictions  will  be  evaluated  during  tests  to 
be  conducted  in  Summer  of  1983.  In  addition, 
the  codes  developed  and  demonstrated  during 
Phase  I  will  be  applied  to  othar  test  beds 
during  Phase  II  and  will  be  available  for 
application  during  A/C  -  Lightning  interaction 
analyses. 

Electronic  Susceptibility  -  Opportunities  to 
perform  extensive  data  acquisition/processing 
and  effect  flight  and  propulsion  control,  and 
extend  navigational  and  communication  capabil¬ 
ities,  as  well  as  effect  sophisticated  weapons 
employment,  and  other  benefits  have  been 
afforded  by  recent/anticipated  electronic 
concepts.  However,  the  effective  application 


50  -  500ps 
10  -  100  m3 
2  sec  maximum 
Undefined  (>50  recorded) 

of  avionics  employing  these  concepts  demands 
that  appropriate  protection  against  Atmospheric 
Electricity  Hazards  be  supplied.  Preparatory 
to  identifying  appropriate  protection  concepts, 
evaluating  their  effectiveness  and  performing 
system  trades  to  determine  effective  balanced 
protection  schemes  for  various  classes  of  A/C 
scenario  and  associated  avionics,  the  suscepti¬ 
bility  of  various  electronic  elements  to 
upset/damage  from  electrical  environments 
associated  with  Atmospheric  Electricity  -  A/C 
interaction  must  be  determined.  The  interest 
of  the  AEHP  ADP  iB  in  providing  effective 
protection  for  flight/miseion  critical 
eloctrical/electronic  systems  of  the  1990's, 
anon.  Many  of  the  devices/systems  of  interest 
will  not  be  available  for.  direct  investigation, 
but  from  the  historical  record  and  considera¬ 
tion  of  syBtem/device  trends  both  upset/damage 
mechanisms  and  tolerance  may  be  projected. 

Such  a  consideration  then  aids  in  delimiting 
the  protection  which  must  be  afforded  againBt 
the  threats  of  interest. 

Ab  a  first  step  in  determining  the  protec¬ 
tion  which  must  be  afforded,  the  historical 
record  has  been  examined  to  identify  damage 
mechanisma  for  various  types  of  semiconductors 
and  other  components.  The  sensitivity  to  upset 
has  been  assessed  from  manufacturer's  data 
sheets  and  the  necessity  of  testing  to  e'  nluate 
system  upset  effects  noted.  Some  device  upset 
evaluation  by  lightning  transient  testing  will 
also  be  performed  to  assist  in  system  upset 
consideration.  To  guide  work  in  this  area, 
flight  and  mission  critical  subsystems/squip- 
ment  for  A/C  have  been  identified  (Table  3). 
Many  components  required  for  these  subsystems/ 
equipment  will  be  individually  tested  in 
bench-tests,  while  others  will  be  employed  in 
test-bed  evaluations,  (Table  4).  In  addition 
to  components  employing  current  technology,  new 
technology  is  also  being  tracked  to  establish  a 
projection  of  A/C  electrical/electronic  sub¬ 
systems  trends.  Dew  component  technology 
concepts;  e.g.,  bubble  memories,  CCD,  VLSI?  are 
shown  in  Table  5.  In  addition,  bench  testing 
has  been  performed  on  representative  electronic 
components/subsystems . 

Since  digital  systems  are  very  sensitive 
to  upset,  as  well  as  employ  components  with  low 
damage  thresholds,  it  is  important  that  a 
representative  digital  system  be  tested/ 


TABLE  3  -  FLIGHT/MISS ION  CRITICAL  SUBSYSTEMS/EQUIPMENT 

EMP  ANALYSIS 


TYPE  OF  SYSTEM 

'  BENCH  TEST 

ANALYZE 

AVAILABLE 

Communication 

ARC-190 

ASC-19 

ARC-164 

Control  &  Display 

MS  IP  Control 
(Honeywell) 

ARV-50A 

ASQ-176 

EW 

ALR-20 

ALQ-153 

System  Integration 

AP-101C  (IBM) 

AYK-17 

Identification 

KIT— 1A 

APX-101 

Flight  Control 

F-18  FCC  (G.E.) 

F-16  FCC 
(Bendix) 

Engine  Control 

Pratt  &  Whitney 

Ham-Std  2037 

Electrical  Power 

Sundstrand  KC-135 
Sunstrand  (767/767) 

AC  Voltage  Regulator 
DC  Voltage  Regulator 

Fuel  Management 

KC-135  Capacitive 
Probe  (B-52) 

Navigation 

Commercial  ILS 
(Bendix) 

Carousel  INS 
(Bendix) 

ARN-118 

ARN-14 

ARN-108 

Target  Acquisition 

ASQ-151 

AVQ-HUD 

TABLE  4  -  RECOMMENDED 

COMPONENTS  FOR  TEST 

DEVICE  P/N 

DEVICE  TYPE 

MFG 

UNIT 

QTY  PRICE 

BPK70-4  (1) 

Bubble  Memory 

Intel 

2  370.00 

7220-1  (1) 

Bubble  Memory  Controller 

Intel 

10  64.00 

F2642DC  (2) (1) 

CCD  Memory,  65K  -  MMOS 

Fairchild 

10  38.50 

MCM2801C 

EEPROM  16  x  16  -  NMOS 

Motorola 

10  9.00 

D2806  -  4 

EEPROM  2K  X  8  -  HMOS-E 

Intel 

10  29.50 

MCM2708C 

EPROM  1024  x  8  NMOS 

Motorola 

10  6.20 

TMS3716CL 

EPROM  2K  x  8  -  NMOS 

Motorola 

10  4.50 

IM6654IJ6 

EPROM  512  x  8  -  CMOS 

Intersil 

10  14.55 

MC14034BCP 

Commercial  Universal 

Bus  Register  (8  bit) -CMOS 

Motorola 

10  2.90 

8748  (3) 

Microprocessor 
(8  bit)  MMOS 

Intel 

10  24.00 

SNS420J 

Nand  Gate  -  Dual  4  Input 

TTL 

Texas  Instr. 

10  .84 
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TABLE  4  -  RECOMMENDED  COMPONENTS  FOR  TEST  (CONTINUED) 


UNIT 


DEVICE  P/N 

DEVICE  TYPE 

MFG 

QTY 

PRICE 

MC10101L 

Nor  Gate  -  Quad  2  Input 

ECL 

Motorola 

30 

.75 

MC10501L 

Nor  Gate  -  Quad  2  Input 

ECL  (Militar) 

Motorola 

10 

2.80 

CD4011BCN 

Nand  Gate  -  Quad  2 

Input  -  CMOS 

RCA 

30 

.30 

MC14011BAL 

Nand  Gate  -  Quad  2 

Input  -  CMOS  (Military) 

Motorola 

10 

.62 

182 

$2735.00 

TABLE  5  - 

COMPONENT 

TECHNOLOGIES  IN 

FLIGHT  AND 

MISSION 

CRITICAL 

AVIONIC  SYSTEMS 

COLOR 

FIBER 

BUBBLE 

VHSIC 

VLSI 

CMOS 

GaAs 

CRT 

OPTICS 

MEMORY  CCS 

SAW 

1. 

COMMUNICATIONS 

X 

X 

X 

X 

X 

X 

2. 

CONTROLS  &  DISPLAYS 

X 

X 

X 

X 

3. 

ELECTRONIC  WARFARE 

X 

X 

X 

X 

4. 

SYSTEM  INTEGRATION 

X 

X 

X 

X 

X 

X 

X 

5. 

IDENTIFICATION 

X 

X 

X 

X 

X 

X 

6. 

FLIGHT  CONTROL 

X 

X 

X 

X 

X 

7. 

NAVIGATION 

X 

X 

X 

X 

X 

X 

8. 

TARGET  ACQUIS.  AND 
STRIKE 

X 

X 

X 

X 

9. 

ELECTRICAL  POWER 

X 

X 

X 

X 

10. 

ENGINE  CONTROL 

X 

X 

X 

X 

X 

11. 

FUEL  MANAGEMENT 

X 

X 

X'- 

X 

X 

s 
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evaluated  during  Phase  I  of  the  AEHP  ADP.  In 
addition  to  damage  tolerance  testing  which  is 
being  performed,  considerable  attention  is 
being  focused  on  digital  system  upset.  Results 
from  testing  of  a  representative  digital 
control  system(s)i  e.g.,  computer  control 
system  with  a  twisted  shielded  pair  data  busj 
should  be  available  in  subsequent  Program 
reports.  In  addition,  the  impact  of  AE  tran¬ 
sients  on  a  color  CRT  display  system  suitable 
for  use  as  an  A/C  display  module  is  planned  to 
be  evaluated  under  representative  operating 
conditions.  A  part  of  the  testing  is  planned 
to  include  the  observations  of  the  types  of 
disturbances  that  occur  and  their  effect (s)  on 
operator  interpretation  and  reaction. 

Vulnerability  Assessment  -  This  requires  a  sub¬ 
stantial  degree  of  experimental  work.  The  main 
purpose  is  to  obtain  generic  data  on  the 
susceptibility  of  components/subsystems  in 
various  generalized  configurations  when  sub¬ 
jected  to  the  defined  lightning  threat.  This 
investigation  is  being  accomplished  via  two 
different  test  beds  (YG-16,  ALCM)  at  two 
different  fucilities  (BMAC,  Sandia) . 

The  YG-16  test  bad  consists  of  an  advanced 
composite  forward  fuselage  section  mated  to  a 
mock-up  representing  the  remainder  of  the  F-16 
aircraft.  The  forward  fuselage  is  78%  GR/EP 
with  some  aluminum  support  «tructure.  The 


mock-up  is  sheet  aluminum  over  a  wood  frame  in 
the  general  F-16  shape  to  preserve  electrical 
lengths  and  resonances  appropriate  for  the 
fighter  aircraft.  The  entire  test  bed  is 
supported  above  the  ground  plane  by  non¬ 
conducting  wood  bracing.  A  picture  of  the 
YG-16  test  bed  is  shown  in  Figure  3. 

The  YG-16  test  series  is  designed  tot  a. 
Characterize  the  induced  transients  in  aircraft 
wiring  due  to  lightning  attachment  to  the  air¬ 
craft.  b.  Determine  upset  and  damage  sensitivi¬ 
ties  of  advanced  technology  subsystems  when 
exposed  to  moderate  level  lightning  environ¬ 
ments.  c.  Provide  low  level  CW  and  moderate 
level  pulse  test  data  for  comparison  with 
analytical  calculation. 

Of  the  two  test  techniques  employed,  the 
Swept  Continuous  Wave  (Swept  CW)  technique 
injects  a  low  level  current  onto  the  aircraft 
skin/structure  and  measures  the  output  voltage/ 
current  at  wiring/equipment  stations  as  a  func¬ 
tion  of  frequency.  This  results  in  definition 
of  thetransfer  functions  in  the  frequency 
domain  which  may  be  used  to  determine  coupling 
effectiveness  and  as  an  analytical  tool.  The 
othsr  technique,  pulse  injection,  applies  a 
unipolar  curront  impulse  to  the  aircraft  with 
response  measurements  taken  in  the  time  domain. 
This  test  generates  information  concerning 
susceptibility  levels  and  interaction  mechan- 


2-7 


Figure  3  -  YG-16  TEST  BED 


SANDIA  LIGHTNING 
SIMULATOR 


Figure  4  -  8AHDIA  LIGHT* IMG  FACILITY 

lama.  Tha  pulaa  Mvifon  used  la  the  moderate 
laval  threat  representation  defined  aa  a  double 
exponential  currant  wave fora  with  tha  following 
parameter* i 


G. 

Peak  Currant  -  10k A 

b. 

Paak  Hats  of  Rise  -  5  x 

1010A/sec. 

C, 

Action  Integral  -  1.5  x 

11  2 

10  A  -sec 

Three  lavela  of  coaiplaxity  are  atructured 
Into  the  YG-16  teat  aarlaai  a.  Simple,  point 
to  point  wiring  configurationa  with  no  operat¬ 


ing  aubay  steam.  h.  Generic  inatallation  of 
wiring  with  duamy  loads  which  are  electrically 
representative  of  advanced  avionics,  c.  An 
operating  subsystem  with  an  airborne  computer, 
appropriate  power,  control,  and  display  equip¬ 
ment.  Tha  information  gained  from  theae  taata 
faeds  into  protection  concept  developawnt/ 
tradeoff. 

The  Air  Launched  Cruise  Missile  (ALCM) 
teat  bed  is  a  prototype  version  of  the  produc¬ 
tion  AGM-86B  which  haa  undergone  akin  penal 
modification/removal  and  cabla  shield  altera¬ 
tion  to  yiald  generic  data  for  ganaral  miasila 
configurations.  This  teat  sariaa  is  being 
■  conducted  at  the  Sandia  Lightning  Facility  in 
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Figure  5  -  REPRESENTATIVE  A/C 

Albuquerque  M.M.,  which  ie  ahown  in  Figure  4. 
This  facility  is  capable  of  aubjacting  the  ALCM 
to  current  waveforma  corresponding  to  the 


dafinad 

severe  lightning  threat i 

a. 

Peak  Current  -  200kA 

b. 

Peak  Rate  of  Riee  -  2  x 

10UA/S 

Oe 

Action  Integral  -  1.5  x 

106a2-s 

This  severe  threat  coupled  to  a  vehicle  aa 
email  as  the  ALCM  will  provide  a  very  strong 
current  density  on  the  vehicle  to  asaesa  the 
impact  of  an  extreme  lightning  current  threat. 
The  objectivea  of  the  ALCM  teat  seriea  are 
as  follows!  a.  To  characterize  the  KM  coupling 
paths  from  the  lightning  attachment  point  to 
mission  critical  aquipaiant  interfaces  ;  b.  To 
determine  stress  levels  at  selected  equipment 
from  various  pulse  levels;  a.  To  determine 
upset  and  damage  effects  of  simulated  full 
threat  lightning  current  pulses  on  operating 
avionics.  The  information  gained  will  comple¬ 


ment  that  from  the  YG-16  test  serios  for  use 
during  Task  V  efforts. 

Protection  Evaluation/Tradeoffs  -  The  objective 
of  this  Task  ia  to  evaluate  and  establish 
practical,  effective  protection  concepts. 

These  concepts  will  minimize  cost,  weight, 
power,  reliability /maintainability  require¬ 
ments.  The  Task  V  trade  study  is  to  develop  a 
specification  for  balanced  protection  for 
advanced  (1990-95)  airframes  and  assooiatsd 
alaatronlc/slectrical  systems. 

Protection  concepta  are  being  considered 
for  each  of  four  different  classes  of  flight 
vshiolesi  Fighter;  large  Transport/Bomber ; 
Helicopter;  and,  Cruise  Missile  (Figure  5) . 

The  trade  studies  will  b#  primarily  analytical 
but,  when  required,  concepts  will  be  evaluated 
experimentally  on  the  YG-16  test  bed  to  deter¬ 
mine  hardness  effectiveness.  At  coaplotion  of 
Task  V,  the  protection  concepts  will  have  been 
developed  and  evaluated  parametrically.  This 
information  will  then  be  assembled  and  corre¬ 
lated  into  the  interim  design  criteria  end  used 
as  the  basis  for  the  Phase  II  plane  for  full 


scale  demonstration  of  these  protection  con¬ 
cept*. 

Interim  Design  Criteria  -  Near  the  conclusion 
of  Phase  I ,  Interim  Design  Criteria  for  Atmos¬ 
pheric  Electricity  Hazards  Protection  will  be 
provided  to  the  Aerospace  Cosmunlty  for  review 
and  oosmient.  It  is  important  that  the  results 
of  -this  ADP  are  affectively  coMuniaated  to  A/C 
and  Systems  producers  so  the  AEHP  conoepts 
resulting  from  the  ADP  may  have  an  early 
introduction  to  the  Military/Coamwrcial  A/C 
fleets.  Conmanta/suggeations  from  the  Aero¬ 
space  Ccosiunity  are  encouraged  throughout  the 
ADP.  Periodic  presentations  to  Government/ 
Industry  are  planned  for  the  April  time  period 
of  each  year  during  the  Program  to  increase  the 
transfer  of  technology.  During  then*  periodic 
Interactions,  as  well  as  through  meetings/ 
publication  for  treatment  of  spaaial  issues, 
the  ABHP  ADP  will  communicate  findings/ 
uncertainties  to  the  Aerospace  Community. 
Through  this  mechanism  the  ADP  hopes  to  con¬ 
tinue  productive  interactions  with  Government/ 
Industry. 

PHASE  TWO  (II) 

In  Phase  II  the  effectiveness  of  the  AEHP 
Interim  Design  Criteria  and  initial  AEHP 
concepts  will  be  demonstrated  on  A/C  teat  beds 
using  ground-  baaed  Ataioepherio  Electricity 
Simulators.  At  this  time  it  is  contemplated 
that  the  test  bads  to  be  used  will  be  derived 
from  a  YUH-16  Helicopter  and  an  P-14  A/C.  The 
basic  vehicles  will  likely  be  extensively 
siodifiad  through  application  of  advance  compos¬ 
ite  and  other  poorly  conducting  materials  as 
vehicle  surface  aover,  as  wall  as  installation 
of  elactrical/elaatronin  systems  employing 
operational  concepts  representative  of  those 
anticipated  for  the  1990's.  It  is  believed 
that  this  procedure  will  permit  the  evaluation 
of  many  electrioal/electronic  system  protection 
concept*,  including  structural  aspects  and 
local  shielding,  as  well  as  AEH  tolerant 
electrical  concepts,  in  configurations  which 
are  representative  of  those  which  will  be 
encountered  in  future  A/C  of  the  four  classes 
being  considered;  e.g,,  Fighters,  Transports/ 
Bombers,  Cruise  Missiles,  and  Helicopters.  The 
details  of  the  Phan*  II  Program  to  be  conducted 
will  be  documented  as  part  of  the  Phase  I 
activity  on  the  AEHP  Contract. 

Phase  II  is  expected  to  be  initiated  in 
January  1984  with  active  investigation  com¬ 
pleted  by  October  1986  and  the  docusMntation  of 
the  AEHP  Program  continuing  into  early  FY87.  A 
product  of  Phase  II  will  be  finalised  AEHP 
design  conoepts  following  adjustment  from  the 
initial  design  concepts  produced  in  Phase  I,  as 
demanded  by  user  critique  and  findings/actions 
from  the  demonstration  activities  of  Phase  II. 
Another  product  from  Phase  II  will  be 
documentation/demonst  ation  of  procedures  for 
initial  qualification  of  ABHP  concepts  for  A/C 


and  procedures  for  evaluating  the  continuing 
integrity  of  the  AEHP  provided  to  A/C  while  in 
the  operational  inventory.  Work  is  under  way, 
both  with  ATWAL/FIEOL  and  with  Lightning 
Transients  Research  Incorporated  (LTRI) , 
through  the  AEHP  Prime  Contractor,  BMAC,  to 
define  procedures/equipment  which  are  appro¬ 
priate  for  demonstration  of  ABHP  concepts  and 
initial  qualifications  of  Bystem  and  A/C 
protection .  FIESL,  BMAC  and  other  organisa¬ 
tions  are  also  addressing  the  continuing 
assessment  of  protection  integrity.  Finally, 
during  Phase  II,  the  relationship  of  AEHP  to 
protection  against  other  electromagnetic 
threats;  e.g.,  EMI,  NEMF,  Radar,  et  al;  will 
continue  to  be  explored.  Where  possible,  con¬ 
solidated  design  concepts  will  L  i  documented, 
but  where  advised  the  need  for  explicit  protec¬ 
tion  outside  the  spectrum  of  protection  pro¬ 
vided  by  AEHP  will  be  noted. 

CONCLUSION 

Through  the  Program  planned  for  the  Atmos¬ 
pheric  Electricity  Hasards  Protection  (AEHP) 
Advanced  Development  Program  (ADP) ,  the  AE 
threat  environment  incident  on  A/C  and  the 
resulting  threat  at  specific  A/C  stations  will 
be  documented.  Then,  appropriate  ABHP  deaign 
concepts  will  be  identified  for  A/C  eleotricel/ 
electronic  systems  repressntatlve  of  Military/ 
Civilian  air  vehicles  of  the  1990* s.  The 
effectiveness  of  these  conoepts  for  providing 
the  AEHP  required  will  be  dsewnetrated  end 
procedures  documented  for  asaeeeing  the 
effectiveness/lntegrity  of  AEHP  on-board 
operational  A/c.  Your  review  of  efforts  under 
the  AEHP  ADP  and  constructive  cosmwnts  are 
encouraged. 
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ABSTRACT ' 


The  dalatarloua  effects  of  lightning  dischargee  due  to 
inter /latra-eloud  discharge  on  large  distributed  elect ronice 
inetalletlone  (obeerved  over  a  number  of  ye are)  range  free 
■paintary  disruption  in  performance  to  catastrophic  destruction 
of  site  aeaponenta. 

A  nodal  la  developed  which  gives  ground  level  electric  field 
intensity.  The  effects  of  this  electric  field  on  overhead  power 
lines ,  including  the  influence  of  the  soil  characteristic*  on  the 
effect  of  the  lightning  electromagnetic  pulse  (LEMP)  is  presented. 
The  results  of  voltages  Induced  in  long  cables  by  LEMP  or.  the 
eoaponents  of  the  installation  is  also  discussed. 

A  history  of  lap lament at ion  procedures  for  distributed 
electronic  installation  and  eathode  of  nitlgstlng  these  results 
ere  presented. 
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CASK  HISTORIES 


THE  PHENOMENON  OF  LIGHTNING  ha a 
baan  a  constant  and  continuing  threat 
to  Xacga  alactronic  installations 
which  ara  distributad  ovac  a  sig¬ 
nificant  araa,  a.g.,  acras  or  a  radius 
of  thousands  of  fast.  Sines  tha  in¬ 
troduction  and  extensive  use  of  seml- 
conductor  davleas  with  thalr  lnhacant 
sensitivities  to  transiant  energy  and 
voltage,  this  threat  Eros  tha  affects 
of  lightning  has  increased  many-fold. 
It  has  baan  demonstrated  on  any  number 
of  occasions  that  lightning  can  af¬ 
fectively  cripple  such  an  installation 
without  a  direct  discharge  to  the  in¬ 
stallation  or  to  any  point  on  the 
earth  or  nearby  structure. 

A  particular  Interest  in  tha  con¬ 
sideration  of  tha  vulnerability  to 
lightning  of  such  an  installation  is 
tha  affects  of  inter  and  intra-cloud 
discharges*  and  the  intensity  of  the 
electro-magnetic  fields  generated  by 
these  discharges.  Electric  field  In¬ 
tensities  of  thousands  of  volts  par 
mater  at  ground  level  have  been  com¬ 
puted  as  well  as  measured  and  thalr 
affects  have  bean  obr  i  id  as  a  result 
of  a  discharge  as  small  as  a  few 
thousand  amperes  p>  ik  ocaurrlng  at  a 
height  of  one  or  two  kilometers. 
These  fields  r.in  Induce  potentials  of 
catastrophic  levels  in  power  and 
signal  lines  interconnecting  the 
elements  of  a  large  distributed 
electronic  installation. 

Thr  effects  of  these  inter  and 
intra- aloud  discharges  as  well  as 
thoeu  of  tha  direct  and  nearby  strikes 
on  elements  of  tha  installation  (such 
as  outside  plant  cables  and  electronic 
circuits  connected  to  these  cables]! 
will  be  discussed  using  the  experience 
at  several  sites  for  illustration. 
Both  the  time  and  frequency  domains 
ere  considered  in  the  accoaipanylng 
analysis  to  illustrate  the  effects  of 
lightning-induced  phenomena  on  band¬ 
width  limited  devices  and  on  wideband 
devices  that  are  subjected  to  a 
time-distributed  pulse  of  lightning 
energy. 

Several  techniques  of  mitigating 
the  effects  of  both  ground-to-oloud 
and  oloud-to-cloud  (or  intra-cloud) 
lightning  discharges  will  be 

described.  The  effectiveness  of  these 
protection  techniques  is  reported  in 
terms  of  experience  in  actual  im¬ 
plementation  at  sites  subject  to  high 
lightning  activity  and  a 

hlgh-reuistlvlty  earth. 


"These  discharges  account  for  at  least 
75%  of  all  lightning  activity. 


Some  case  histories  are  now  given 
of  tho  effects  of  lightning  activity 
at  a  few  typical  installations  around 
the  world.  This  reveals,  typically, 
the  damaging  effects  of  lightning  on 
the  station's  performance. 

CASE  I  -  A  large  installation  in 
New  England.  This  site  normally  ex¬ 
periences  a  high  level  of  lightning 
activity  during  the  summer  and  early 
autumn  months.  The  station  is  built 
on  a  granite  shelf,  and,  accordingly, 
the  ground  resistivity  is  quite  high  - 
in  the  order  of  one-half  megohm- 
centimeter.  Often  when  a  thunderstorm 
occurred  in  the  vicinity,  some  damage 
would  be  suffered  by  the  station 
electronics.  This  damage  varied  from 
momentary  outages  of  primary  power  to 
the  catastrophic  destruction  of 
station  components.  Seldom  would 
there  be  any  evidence  of  a  direct 
strike  to  any  part  of  the  station 
where  a  strike  did  occur,  it  usually 
would  be  found  that  items  such  as 
antenna  towers  of  heights  of  aoo  to 
400  feet  had  been  struck.  On  those 
occasions  whsn  a  direct  strike  was 
determined  to  havo  occurred,  it  was 
tha  system  components  related  to  those 
towers  that  had  suffered  damage.  It 
was  subsequently  determined  that  the 
most  prevalent  damage  to  the  instal¬ 
lation  resulted  from  the  effects  of 
lnter/lntra-oloud  lightning  discharges 
inducing  hasardous  potentials  into  the 
power  distribution  system.  This 
problem  was  solved  by  the  installation 
of  large  surge  suppression  devices 
into  the  power  system  at  the  point 
whore  the  power  was  fed  in  the 
buildings  comprising  the  station. 

CASE  II  -  An  electronic 
installation  on  the  island  of  Oahu 
distributed  with  elements  as  far  as 
•500  feet  apart.  On  one  occasion, 
more  than  130  LSI  components  of  the 
station  suffered  catastrophic  damage 
during  a  lightning  storm.  No  evidence 
of  a  direct  strike  could  be  found,  but 
someone  remembered  having  seen  a  great 
display  of  eloud-to-eloud  lightning 
activity  over  the  ocean  about  three 
miles  to  the  south  of  the  station  and 
apparently  parallel  to  the  cable 
interconnecting  the  two  most  remote 
elements  of  the  station.  Though  it 
wen  never  proven,  this  aloud-to-cloud 
lightning  phenomenon  seeme  to  be  the 
most  logical  culprit  to  blame  for  the 
damage,  as  no  evidence  to  the  contrary 
was  ever  identified. 


CMS  III  -  A  similar  installation 
In  tha  Indian  Oatan  with  distributed 
•  lanants  about  1000  fact  apart  and  In 
an  araa  of  high  aoll  resistivity,  At 
thla  latltuda,  about  90%  of  tha 
lightning  activity  la  lnter/lntra 
cloud  in  natuca.  Tha  clouda  oocur  at 
a  vary  low  altitude,  at  tlnas 
colncldant  with  tha  altitude  of  tha 
station.  During  ona  thunderstorm  tha 
atatlon  suffered  a  direct  strike  to 
ona  of  tha  antenna  radones.  Tha 
radons  was  grounded  to  a  short 
(1-meter)  ground  red  In  aoll  of  vary 
high  resistivity,  while  tha  antenna 
anolosad  within  tha  radons  was 
connected  to  an  excellent,  cheaically 
enhanced,  low  resistance  (0.3  ohna) 
earth  ground  located  sons  SO  neters 
away  near  an  equipment  building.  The 
lightning  energy,  seeking  the  easiest 
route  to  the  earth,  found  It  by 
Ignoring  tha  redone  ground  connection 
and  lumping  from  the  radons  frane  to 
the  antenna  r of  lector.  Free  there  It 
was  conducted  through  cables  to  the 
low  resistance  ground  at  the  equipnant 
building.  The  lightning  current 
flowing  In  the  ground  cable  parallel 
to  the  route  of  the  various  signal, 
aontrol  and  power  lines  to  the 
antennas  induced  a  high  potential 
pulse  In  these  latter  lines  whloh 
resulted  In  catastrophic  failure  of  a 
number  of  critical  antenna 

components.  As  a  result,  the  entire 
station  capability  was  lost  for 
several  days. 

CASE  IV  -  A  Nest  Coast  electronic 
installation  that  Includes  a  15-meter 
antenna  with  a  nutating  sub-reflector 
In  a  Cassegrain-like  configuration. 
The  antenna  feed  horn  projected  some 
four  meters  from  the  center  of  the 
reflector  toward  the  subreflector.  A 
heater  blanket  wan  Installed  at  the 
end  of  the  feed  horn  to  Insure  that 
the  window  at  the  end  of  the  feed  was 
always  clear  of  ice  and  snow  when 
operating  in  frigid  environments. 
This  feed  horn  wae  within  the 
cones-of-protectlon  of  the 

subretleetor  support  legs  and  braces 
and  to  that  of  a  number  of  air 
terminals.  A  depot  repair  team  on  a 
semi-annual  visit  to  the  station  found 
this  heater  blanket  charred  and 
hanging  In  shreds.  Tha  circuit 

breaker  intended  to  provide  for  power 
line  fault  protection  for  this  heater, 
had  not  tripped  and  was  found  to  be 
functioning  normally.  It  was 

concluded  that  the  only  way  In  which 
the  beater  blanket  could  have  failed 
in  such  a  totally  catastrophic  manner, 
with  the  circuit  breaker  remaining  In 
the  ON  position,  was  that  the  blanket 


had  suffered  a  direct  lightning 
discharge.  This  conclusion  was 
supported  by  the  fact  that  the  aslmuth 
bearings  of  the  antenna  mount  showed 
some  evidence  of  minor  pitting  as  a 
result  of  arcing  that  took  place, 
presumably  when  the  lightning  current 
was  seeking  earth. 

These  examples  tend  to  point  out 
the  capricious  nature  of  lightning. 
The  solutions  given  to  lightning 
protection  problems  later  In  this 
paper  are  based  on  statistical  and 
logical  behavior  expected  of  lightning 
but  very  often  the  unexpected  will 
happen  and  lightning  will  perform  in  a 
totally  'illogical*  manner.  As  an 
example,  consider  the  case  of  a  Yagl 
television  antenna  struck  by  lightning 
at  a  residence  in  Indiana.  The 
television  receiver  to  which  that 
antenna  was  connected  suffered  only  a 
burned  out  speaker  voice  coll.  Other 
than  that,  there  was  no  damage  to  the 
receiver  -  a  perfect  example  of 
lightning  caprice. 

THE  LIGHTNING  PHENOMENON 

The  mechanism  for  the  generation 
of  lightning  has  not  been  universally 
agreed  upon.  It  is  usually  held, 
however,  that  It  Is  a  thermo-dynamic 
process  and  the  freeslng  and  melting 
of  water  must  be  Involved.  A  charge 
separation  known  as  the  Workman 
Reynolds  effect  takes  place  during 
freeslng  that  results  in  the 
development  of  a  potential  the 
magnitude  of  which  is  a  function  of 
the  volume  of  water  Involved  (1)*. 
There  must  also  be  a  convection 
process  within  the  cloud  ensuring  a 
continuation  of  the  freeslng  and 
melting  process  (Fig.  1).  Since  the 
freeslng  and  melting  process  take 
place  at  separately  discrete 
altitudes,  a  potential  buildup  can 
result  between  these  discrete 
altitudes  And  the  mechanism  for  a 
lightning  discharge  Is  created.  This 
is  an  oversimplification  of  the 
process.  There  can  be  many  convection 
column  generators  within  a  storm  cell 
and  many  storm  cells  within  a 
thunderstorm. 

The  natural  consequences  of  the 
generation  of  these  ultimately  huge 
potentials  are  (a)  the  conditions  ace 
established  for  the  occurrence  of  an 
Intra-cloud  discharge.  and  (b)  a 
potential  of  opposite  polarity  Is 
developed  on  the  surface  of  the  earth 

'Numbers  in  parentheses  designate 
References  at  end  of  paper. 


btnuth  tha  cloud  maos  by  a  process  of 
electrostatic  induction  (Tig.  2). 
Thus  tha  itago  is  sat  foe  both 
ground- to-c loud  and  cloud-to-gcound 
discharges.  Ths  particular  polarities 
developed  in  ths  cloud  and  on  ths 
ground  in  this  procsss  are  a  function 
of  ths  impurities  (particularly 
ammonia)  contalnsd  in  the  cloud  water. 

Intsr/intra-oloud  discharges  are 
thought  to  take  place  between 
individual  storm  cells  In  the  same  or 
different  clouds  and  are  initiated 
when  a  conductive  path,  that  can  be 
enhanced  by  ionisation,  is  established 
between  these  cells  (Tig.  3). 

G>round-to-cloud  discharges  are 
initiated  when  the  potential  between  a 
store  cell  cloud  and  the  earth  reaches 
a  level  near  breakdown  and  a  downward 
moving  leader  is  launched  toward  ths 
earth  (Tig.  4).  The  leader  moves  in 
steps  at  a  velocity  of  about  one-third 
the  velocity  of  light.  This  leader, 
in  Its  progress  toward  earth,  leaves 
behind  It  an  Ionised  channel  (Tig. 
4a).  The  leader  approaches  the  earth 
or  some  object  on  the  earth  to  within 
the  ‘striking  distance"**  (Tig.  4b). 
At  this  striking  dlstanae  a  violent 
surge  of  current  called  the  ‘return 
stroke*  is  initiated  from  the  ground 
to  the  cloud  along  the  ionised  path 
created  by  the  stepped  leader  (Tlgure 
4c).  This  current  typically  reaches  a 
peak  value  of  10.000  to  200.000 
amperes  within  10  microseconds,  end 
then  tapers  off  to  50%  of  the  peak 
value  In  about  50  microseconds  or 
longer.  This  discharge  causes  a 
readjustment  of  the  charge 

dletrlbutlon  within  the  cloud  such 
thet  subsequent  return  strokes  are 
Initiated  along  the  still-existing 
ionised  path  a  few  milliseconds 
later.  Statistically,  there  are 
usually  4.12  return  strokes  in  one 
pyrotechnic  display  of  lightning. 
These  appear  to  a  viewer  as  a  single 
flash  because  of  the  persistence  of 
vision  and  the  short  time  required  for 
their  occurrence.  The  greatest  number 
of  return  strokes  which  have  been 
observed  (using  a  special  camera  known 
as  a  Boyes  camera  developed  for  this 
purpose)  is  46  -  observed  on  the 

Empire  State  Building  in  Mew  York  City. 

**striking  distance  is  the  distance 
across  which  the  potential  between  ths 
tip  of  the  leader  and  the  earth  or 
object  will  break  down  via  the 
conductivity  of  the  air  for  the  next 
stage  of  development  of  the  discharge. 


Cloud-to-ground  discharges  are 
much  rarer  than  axe  the 
ground-to-cloud  type.  They  are 
believed  to  develop  in  the 
rain-producing  portion  of  the  storm  - 
cell  cloud  as  a  result  of  a  mechanism 
not  thoroughly  understood.  It  has 
been  observed  that  theae  dischargee 
carry  positive  chsrges  to  the  earth 
while  a  ground-to-cloud  discharge  does 
the  opposite.  These  discharges  are 
usually  directed  at  tall  structures 
and  quite  often  branch  to  more  than 
one  structure  for  the  same  discharge. 

THE  PKOBABILITIE8  OT  A  DIRECT  STRIKE 
TO  A  STRUCTURE 

The  probability  that  structures  of 
a  large  distributed  electronic 
installation  will  be  subjected  to  the 
damaging  effects  of  a  discharge  to  or 
from  the  ground  is  a  vital  concern  in 
the  desljn  of  its  lightning  protection 
system.  M.  Clanos  and  E.  T.  Pierce  in 
their  paper  *A  Ground-Lightning 
Environment  for  Engineering  Usage* 
(2)*  have  given  us1  some  empirical 
methods  for  determining  euch  a 
probability.  Their  work  cites  the 
results  of  the  lnveetlgatlon  of  many 
others  and  probably  represents  the 
state-of-the-art  of  lightning  effects 
prediction  as  of  August  1972.  A 
cookbook  procedure  based  on  this  work 
will  be  presented  in  the  following 
discussion. 

a)  Determine  the  annual 

lsokaurenic  level.  Ty  (number  of  days 
per  year  on  which  thunder  is  heard). 
This  information  oan  be  obtained  from 
a  number  of  sources.  The  author  uses 
the  *U8AT  Handbook  for  Geophysics*  but 
for  a  finer,  more  timely  cut  at  this 
data,  the  nearest  TAA  control  tower 
log  is  a  good  source  of  reliable 
lightning  data. 

b)  Determine  the  mean  duration 
of  a  thunderstorm  in  hours  from: 

D  m  0.9  x  Ty0,3  (1) 

c)  Determine  the  number  of 

flashes  per  storm,  Tg.  The 

conclusion  that  Pierce  and  Clanos 
reached  was  that  the  average  flashing 
rate  per  storm  is  3  per  minute, 
regardless  of  the  storm  locals  in  the 
world.  This  is  180  flashes  per  hour 


so  that  Eg  becomes: 

Fs*Dx  180  flashes  per 
storm  (2) 

d)  Determine  the  flashing 
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density,  Fd.  i  a  atom  area.  The 
"thundery"  area  In  the  vicinity  of  an 
observing  station  has  bssn  dstsrnlnsd 
to  bs  500  square  kilometers  -  an 
empirical  value  for  any  place  In  the 
world.  The  flashing  'density  Fd  thus 
is  given  by  the  relation: 

Fd  =  F/500  flashes  per  storm  per 
square  kilometer.  (3) 

e)  The  fraction  of  these  flashes 
which  Involve  contact  with  the  earth 
or  an  object  on  the  earth  Is  a 
function  of  the  latitude  of  the 
Installation  and  is  (empirically) 
given  as: 

p  =  0. 1  fl  +  (X/30)2]  (4) 

whers  \  is  the  latitude  In 
degrees  and  p  Is  the  fraction  of 
Fq  which  is  ground- to -cloud  or 
cloud-to-ground  (Fig.  S) . 

f)  The  flashing  density  which 
involves  contact  with  earth  or  an 
object  on  it  Is  then: 

Fg=pxFd  discharges  per  storm 
per  square  kilometer 

(5) 

g)  Determine  the  attractive 
radius  around  an  object  of  height  h 
(meters)  In  which  lightning  Is 
attracted  to  the  object.  This  radius 
is  determined  by  the  empirical 
equation: 

ra  =  80 /h  (e-ah  -  «"bh)  +  400  (I  -  e~ch2)  meters  ( «  ) 

where  h  -  height  of  structure  in 

meters 

a  -  2  X  10-2n-l 
b  -  5  X  lO-^n-1 

C  *  10^4h--2 

h)  Calculate  the  attractive  area 
encompassed  by  the  attractive  radius 
In  square  kilometers: 

A#  =  :rxra2x  KT6  (7) 

1)  The  number  of  discharges  to 
the  structure  per  storm,  assuming  a 
uniform  distribution  of  flashes  over 
the  storm  cell  is: 

N,*F.xA.  discharges  ,per 
storm.  8  *  (8) 

j )  The  number  of  strikes  to  the 
structure  on  an  annual  basis  Is 

Sy-NsxTy  <9> 


There  are  subtleties  in  the  above 
analysis  capable  of  a  more  precise 
determination  but,  in  view  of  the 
caprices  of  lightning,  little  Is  to  be 
gained  from  greater  precision. 

THE  CONE-OF-PROTECTXON 

The  majority  of  lightning 
protection  philosophies  for  structures 
are  predicated  on  the  provision  of  an 
air  terminal  flightnlng  rod)  which 
reaches  above  the  height  of  the 
structure  and  is  provided  with  a  down 
conductor  that  electrically  connects 
the  air  terminal  to  earth.  The  air 
terminal  Is  supposed  to  Intercept  a 
direct,  strike  and  carry  the  current 
harmlessly  Into  the  ground.  In 
performing  this  task  the  device 
provides  a  so-called 

"cone-of -protection*  around  the 
structure  within  which  there  Is  no 
danger  from  a  strike.  The 

oone-of-protectlon  concept  was  first 
proposed  by  Joseph  Douls  Qay-Lussao 
(of  gas-law  fame)  In  1823.  He  defined 
the  protected  volume  to  be  a  cylinder 
equal  in  diameter  to  twice  the  height 
of  the  air  terminal.  Since  that  time 
a  number  of  configuration  and 
height-to-diameter  ratios  have  been 
ueed.  Even  today,  U.B.  and  British 
Standards  and  regulations,  both  civil 
and  military,  skip  about  a  cone  angle 
of  30,  45  and  even  60  degrees.  The 

cone-of-proteotlon  model  used  ^ereln 
Is  somewhat  more  rigorously  and 
logically  based  than  that  revealed  In 
the  literature  or  regulatory  values 
cited  above. 

This  model  Is  derived  as  follows. 
The  majority  of  ground  strikes  are 
Initiated  from  the  ground  and  proceed 
to  th.w  charged  clpud  from  the  ground 
object  up.  The  motivating  phenomenon 
for  the  initialisation  of  such  a 
strike  is  the  stepped  leader.  This  is 
a  path  of  ionisation  (about  100 
amperes)  which  originates  at  the 
charged  cloud  and  proceeds  towerd  the 
ground  In  steps  as  described  earlier. 
For  each  step  there  is,  as  Benjamin 
Franklin  called  It  In  1767.  a 
'striking  distance*.  This  striking 
distance  Is  a  function  of  the  polarity 
of  the  cloud  (Fig.  6).  The  breakdown 
gradient  is  about  3  kV/cm  ter  a 
positively  polarised  stepped  leader. 
Consider  now  the  model  illustrated  In 
Figure  ,7.  The  stepped  leader  head  at 
Point  A  Is  located  sueh  that  the 
striking  distance.  dsA,  is  equidistant 
from  a  potential  standpoint,  from  the 
air  terminal  or  lightning  protection 
towor  and  the  earth  and  It  may 
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Initiate  a  main  discharge  from  either 
the  earth  or  the  towar . 
Realistically,  tha  discharge  will 
probably  ba  lnitlatad  from  the  point 
eourca  of  tha  towar  rathar  than  tha 
flat  surface  of  tha  aarth  because  of 
tha  higher  differential  voltage 
gradient  around  a  point  source.  If 
the  stepped  leader  head  ware  at  point 
A'.  It  would  most  certainly  Initiate  a 
discharge  from  the  tower  and  would 
have  done  so  before  It  reached  A. 
because  the  striking  distance  locus 
has  been  penetrated.  If,  on  the  other 
hand,  the  stepped  leader  arrived  at  A" 
It  would  Initiate  a  discharge  fros  the 
ground,  the  distance  being  at  or  under 
the  striking  distance  to  the  earth  and 
beyond  tha  striking  distance  to  the 
tower.  fro*  point  A,  anything  which 
Is  within  the  shaded  area,  the  border 
of  which  represents  the  locus  of 
striking  distances  from  A,  will  not  be 
the  target  of  a  main  discharge.  This 
shaded  area,  then,  represents  the 
cone-of-protectlon.  Consider  now  a 
second  stepped  leader  at  B,  having  a 
higher  potential,  and,  consequently 
having  a  greater  striking  distance 
deg.  Mote  that  the  resulting 
cono-of -protection  Is  greater  In 
extent  than  that  developed  In  the  case 
of  stepped  leader  A  because  the 
striking  distance  Is  greater.  Thus, 
the  sire  of  the  cone-of -protection 
actually  developed  about  the  lightning 
tower  Is  a  linear  function  of  the 
potential  which  drives  the  stepped 
leader. 

LIGHTNING  MODEL  ANALYSIS 


might  nmver  occur  during  the  useful 
life  of  the  Installation.  On  ths 
other  hand,  the  use  of  e  lower  threet 
level  based  on  e  higher  probability  of 
occurrenco  would  lead  to  a  lees  costly 
protection  scheme  hut  also  would  yield 
a  more  vulnerable  Installation  because 
of  ths  lower  degree  of  protection 
afforded.  Accordingly,  s  threat  level 
representing  that  most  often 
encountered  In  electrical  stormc  has 
been  selected  for  the  model.  For  the 
ground-to-cloud  discharge,  the  model 
used  is  that  described  by  Dr.  M.  A. 
Uaan  in  his  book.  "Lightning*  (3)*. 
For  ths  inter/intra  cloud  discharge,  a 
similar  model  will  be  employed, 
modified  by  data  given  by  D.  Mackeras 
(4)*. 

THE  LIGHTNING  MODEL  -  The 
parameters  of  lightning  currsnts  In 
ths  tins  and  frequency  domains  are  of 
apaciflc  Inmarsat  In  any  analysis 
which  datermines  the  threat  lmpoued  by 
lightning.  Thee*  are  defined  by  tha 
lightning  model. 

The  time  domain  model  will  point 
out  the  maxima  of  current  and 
rata-of-change  of  current  to  which  the 
modal  will  ba  subjected.  The 
frequency  domain  model  will  point  out 
vulnerabilities  In  frequency-sensitive 
portions  of  ths  system.  Both  ths 
ground-to-cloud  end  lnter/lntra  cloud 
dischargee  will  be  nodeled  herein  for 
comparison  of  magnitudes,  rise  times 
and  snargy  distribution  by  frequency. 

XU* _ Banin _ Hoflal  -  Either 

ths  ground-to-cloud  or  the  lnter/lntra 
cloud  types  of  discharges  currsnts  can 
bo  modaled  In  the  time  domain  by: 


In  the  cookbook  discussion  for 
determining  the  threet  of  a  direct 
strike  to  a  building,  it  becomes 
apparent  after  examining  »  few 
examples  that  the  threat  of  a 
ground-to-cloud  dlscharyo  is  minimal 
until  ths  height  of  the  object  being 
considered  approaches  100  meters.  It 
Is  now  appropriate  to  determine  the 
effect  of  an  lnter/lntra  cloud 
discharge  on  e  typical  installation. 

A  knowledgsabla  analysis  of  ths 
effects  of  lightning  can  be  performed 
by  assuming  a  specific  forcing 
function  or  model  for  both 
ground-to-cloud  and  Inter/  intra  cloud 
discharges  which  approximates  an 
active  lightning  discharge.  If 
lightning  protection  Is  designed  for 
the  worst-case  threat  of  current 
amplitude  (which  may  occur  less  than 
0.1  percent  of  the  time),  the  facility 
could  be  expected  to  be  extremely 
coetly,  and  y«t  the  worst-caao  threat 


I(t)  =  10  (e-®*  -  e-^)  + 1,  (10) 

where, 

I(t)  -  Instantaneous  current 

of  time,  t 

I0  -  factor  datermlnlng 

tha  peak  current 
a  m  function  largely 

controlling  rise  time 
0  -  /unction  largely 

controlling  decay  rate 
y  -  function  describing 

decay  tima  beyond  the 
50%  point 

I x  -  factor  of  decay 
currant 

Oman  (3)*  has  assigned 
representative  values  to  the 
factors  for  a  ground-to-cloud 
discharge  as  follows: 

10  -  3x104  amperes 

11  -  2.5xl03  amperes 
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i 


«  -  2x10*  sec-1 
0  -  2xl05  esc-1 
Y  -  103  sec-1 


10  -  10*  ns*c«i 

11  -  2 . 5x10^  amperes 

a  ■  1.4x10*  sec-1 

P  -  6x10* 

Y  -  IQ3  sec-1 

Maclttci*  (4)*  points  out  that  tha 
lntac/lntca  cloud  discharges  tend  to 
have,  on  tha  average,  a  longar  rlni 
tins  and  decay  tlma  and  a  paafc  currant 
approxlaataly  ona-thlrd  that  of  a 
ground-to-cloud  stroke.  Accordingly, 
a  tlaa  domain  modal  for  tha  Inter/ 
lntra  cloud  discharge  will  ha  used 
having  tha  Col lowing  parameters : 

(a)  initial  Stroke 

10  -  10*  amperes 

11  -  1.5xl03  amperes 

a  ■  4x10*  sec'*- 

0  -  2xl05  sec-1 

Y  »  103  sec-1 

( b )  Subsequent  atrokee 


domain  is  usad  to  determine  the 
vulnerability  o£  frequency  sensitive 
portions  of  threatened  electronics. 
In  order  to  determine  this 
distribution,  a  Fourier  transform  of 
the  type ; 

Kw)=  i(t)«-->wtdt  (id 

is  made.  Nhen  this  integration  Is 
performed  for  the  time  domain  current 
equations,  the  real  part  of  the 
frequency  domain  current  becomes: 

0 -a 

i,(W)  '=I°  J  \  '^  +  U2  („2  + 02)7^2  <12> 


These  frequency  domain  currents  for 
both  ground-to-oloud  and  lnter/lntra 
cloud  dischargee  are  plotted  In  Figure 
9. 

Squaring  this  expression  will 
yield  a  quantity  which  is  proportioned 
to  the  power  at  any  value  of  frequency: 


P(co)  =  I02 


w4  +  w2  (a2  +  f)2)  +  a202 


(IS) 


I©  -  3xl03  amperes 
I 1  -  103  amperes 
a  »  2x10*  esc-1 
0  m  2x10*  sec-1 
Y  «  103  esc-1 

A  further  difference  between  the 
grouad-to-cloud  end  the  lnter/lntre 
cloud  diechergee  lies  in  the  number  of 
dlechsrgee  per  lightning  event.  The 
mean  number  of  dlechsrgee  per  event 
for  a  ground-to-cloud  ovant  is  4.12, 
while  that  for  an  Lnter/lntra  cloud 
event  Is  1.26  to  1.69,  depending  on 
whether  It  Is  s  high-altitude  or 
lOw-altltude  event,  respectively.  The 
low-altitude  event  will  be  used  for 
the  model  In  this  discussion  ss  being 
the  worst  case  for  consideration. 

In  tha  subsequent  ans lyase,  the 
last^  term  of  the  above  expressions, 
,  has  besn  sllmlnsted  sines 
Its  contribution  Is  primarily  to  the 
decay  wsll  beyond  the  SO  percent  point 
and  it  Introduces  a  falsa  factor 
qlvlng  a  flnlts  current,  Ij,  at  t  - 
0.  which  la  totally  unrealistic.  Tbs 
presence  of  this  factor  contribvrtea 
only  a  small  patturbatlon  Kc  the 
energy  spectrum  (less  than  10%).  The 
time  domain  characteristics  of  the 
four  phenomena  for  which  parameters 
are  given  above  (without  the  I^r'^ 
factor)  are  given  in  rigutc  8. 

Frequency  flSJMA. n  Maiiml  -  The 
distribution  of  the  energy  contained 
la  thes«  discharges  In  the  frequency 


The  numerical  value  of  this 
expression  Is  equal  to  the  power  in 
watts  If  the  currant  wars  filtered  In 
a  bandpase  filter  of  unit  bandwidth  (1 
Ks)  centered  at  frequency  f,  and  which 
had  a  characteristic  impedance  of  one 
ohm.  A  complete  derivation  of  the 
above  Is  given  by  Dr.  william  X, 
Waters  (s  co-lnvestlgator  In  Csss  I  - 
the  CSI  Installation  In  Hew  England) 
in  his  recent  reference  text, 
■Electrical  Inductions  from  Distant 
Currant  Surges*  (5)*.  He  also 
calculated  the  vertical  and  horlsontal 
electric  field  intensities  at  a  height 
of  one  mater  above  the  earth's  surface 
In  the  vicinity  of  s  modal 
lnter/lhtca-cloud  discharge  of  10,000 
amperes  having  a  length  of  one 
kilometer,  a  height  of  one  kilometer 
and  an  orientation  parallel  to  the 
earth's  surface  (Fig.  10).  These 
field  Intensities,  which  are  plotted 
m  Figures  11  and  12,  are  calculated 
for  e  plane  one  meter  above  a  flat 
earth  and  include  the  effects  of  the 
proximity  of  the  earth  to  this  plane. 
These  effects  ere  absorption  of  some 
of  the  energy  into  the  eecth  end 
reflection  of  the  remaining  energy 
back  toward  the  plane.  The  earth 
effects  are  a  function  of  the 
dielectric  constant  and  resistivity  of 
the  earth  ee  well  as  frequency  and 
polarisation  of  the  incident  wave. 
The  mathematics  Involved  in  deriving 
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tha  magnitudes  of  these  factors  la 
vary  tedious  and  la  baat  performed  on 
a  digital  aomputar.  It  la  auffloient 
to  aay.  In  this  lnatanca  where  the 
anargy  In  lightning  lies  mostly  In  the 
iov-f requency  raglon,  that  tha 
reflection  coefficient  la  aoca  than 
90%  and  tha  phaaa  of  tha  reflected 
wav*  la  naarly  180°  out  of  phaaa 
with  tha  lncldartt  wava  ovar  a  broad 
ranga  o£  frequencies.  at  tha  ona 
meter  plana,  thara£ora  thara  la 
conaldarabla  oancallatlon  o£  tha 
■agnltuda  of  tha  incident  wava  which 

la,  aa  statad  abova,  taken  Into 
oonaldaratlon  In  tha  plota  of  Figures 
11  and  12.  In  tha  calculation  of  tha 
raflactlon  co*f flcler.t, 

R*  TTfr  X“«/«e  (14) 

Tha  raflactlon  phaaa  angla  la 

determined  aa: 

ZR  «=*-■/ 2/ X  (15) 

Watera  haa  uaed  a  frequency  of  4 
kHa  which  la  tha  median  of  tha  anargy 
spectrum  for  lightning  for  tha 

particular  nodal  anployad. 

Evan  with  thla  larga  oancallatlon 
figure  fro*  raflactlon  factorad  Into 
tha  calculation,  it  can  be  aain  fron 
these  plota  that  thara  la  a  high 
probability  of  producing  an  Induced 
voltaga  of  hasardous  magnitude  In  a 
conductor  lying  In  or  within  a  few 
natar a  of  the  ref*rence  plana.  Tha 
raault  of  thla  induced  voltaga  la 
potential  catastrophic  damage  to  tha 
equipment,  to  which  tha  eonductcr  la 
connactad. 

FAXLUKE  ANALYSIS  U8I1TO  MODELS  -  Aa 
an  example  of  the  catastrophic  damage 
which,  can  occur,  return  to  tha  Maw 
England  example  where  the  damage 
scenario  now  can  ba  now  cited  as 
follows: 

a)  A  ia-KV  primary  llna  several 
miles  long  was  .the  eourc*  of  power  for 
the  Installation. 

b)  This  llna  was  equipped  with 
lightning  arcaators  at  about  ovary 
five  poles. 

c)  Th**e  particular  arcaators 
have  a  flaahovar  potential  of  45  KV  - 
a  level  easily  attained  by  axpaauca  of 
a  length  of  the  line  to  the  type  of 
Imter/lntce  cloud  discharge  described 
In  paragraph  6.1.2, 

d)  The  potential  of  tba  120-volt 
tea dare  from  substations  located  at 
elements  of  tae  Installation  wee 
raleed  by  a  proportional  amount,  or 
(45/12)  x  120  -  450  volts. 


a)  Tha  output  of  fiva-volt  power 
supplies  feeding  many  of  tha  solid- 
state  electronic  units  of  tha 
Installation  ware  thereby  raised  by 
tha  same  ratio  from  5  volts  to  16.75 
volts.  This  occurred  within  a  time 
period  lass  than  the  time  constant  of 
tha  typloal  power  supply  regulators 
(which  avaregas  about  60  micro¬ 

second*);  thus  the  regulators  could 
not  respond  rapidly  enough  to  protect 
•gainst  thla  transient.  Cataatrophlc 
failures  therefore  occurred  In  many 
solid-state  modules  aa  a  raault  of  tha 
largely  Induced  voltage.  Many  other 

modules  may  have  been  streaeed  In  such 
a  manner  that  their  MTBFs  ware 
significantly  reduced. 

PROTECTION  METHODS 

While  tha  threat  made  by  tha 
lightning  to  larga  distributed 
electronic  Installations  la  savers, 

regardless  of  tha  type  of  discharge, 
thara  era,  fortunately,  means  of 
mitigating  this  threat  -  or  rather, 
tha  statistically  derived  threat. 
Little  can  ba  dona  to  protect  against 
tha  capricious  unpredictable  threat 
within  any  practical,  cost-effective 
realm.  For  example,  to  return  to  tha 
case  of  tha  discharge  to  tha 
television  antenna  described  earlier  - 
does  tha  fact  that  tha  speaker  was 
catastrophically  destroyed  justify 
providing  protection  for  all  TV 
receiver  speakers?  Certainly  not, 
because  statistically  this  particular 
failure  would  hardly  ever  recur.  Me 
are  concerned  only  with  the  types  of 
ddmage  which  can  predictably  occur  In 
the  two  basic  types  of  lightning 

discharges  -  the  ground-to-eleod 
dlacharge  end  the  lnter/lntra  cloud 
discharge . 

PBOTSCTXOM  A0AIN8T  QEOUMD-TO-CLOUD 
D18CHABQE8  -  The  moat  common  method  of 
protection  against  the  ground-to-cloud 
discharge  le  the  air  terminal/  down 
eonductor/sarth  ground  system.  This 
system  wee  Invented  by  Benjamin 

Franklin  to  provide  an  easy  path  to 
tba  earth  for  tha  lightning  ourrent 
from  some  safe  distance  abova  tha 
object  to  ba  protected.  Soma  argue 
that  tha  lightning  rod  (aonmon  name 
for  alt  terminal)  has,  as  its  primary 

purpose,  the  reduction  of  the 

potential  gradient  in  the  vicinity  of 
the  rod  In  order  to  leeaen  the 
probability  of  e  strike.  The  air 

terminal  is  often  provided  with  a 
pointed  tip  to  ensure  a  high  potential 
gradient  in  lte  vicinity.  The 
gradient  reduction  in  the  vicinity  of 


the  object  being  protected  le 
microscopic  in  extent  compered  to  the 
entice  lightning  complex. 

Conseguently,  the  principal  function 
of  the  lightning  rod  lm  whet  Franklin 
•uppomed  It  to  be  -  to  provide  e  eolld 
conductive  peth  to  eerth  for  eny 
lightning  energy  which  threetene  the 
etructure  being  protected. 

Ml  LXaaln&lM  -  This  protection 
system  Includes  en  elr  terminal  which 
extends  to  e  higher  elevation  then  the 
object  being  protected  in  order  to 
provide  the  cone-of-protectlon  about 
the  object.  It  is  not  always 
practical  to  provide  an  air  terminal 
high  enough  to  provide  the  cone-of- 
protectlon  about  any  object.  Consider 
for  example  the  Vehicle  Assembly 
Building  at  the  Kennedy  Space  Center. 
To  provide  such  protection,  an  air 
terminal  would  be  over  500  feet  above 
the  roof  of  that  structure.  This 

concept  was  not  considered  to  be 
practical  for  this  building.  Instead, 
the  roof  of  that  building  Is  covered 
with  many  3-foot  air  terminals  to 
provide  a  virtual  protection  sone. 
The  main  requirement  Is  that  there  be 
a  point  source  device  elevated  above 
the  surface  to  be  protected. 

down  conductors  often  requires  some 
Ingenuity.  Certain  rules  are 

recommended  to  prevent  damage  from 
arising  by  virtue  of  the  high  current 
carried  down  this  conductor.  Some  cf 
these  am: 

a)  The  conductor  must  be  large 
enough  to  carry  t!<e  magnitude  of 
current  anticipated  for  the  expected 
length  of  time  without  melting. 
Because  of  the  thermal  inertia  of  most 
metals,  the  else  of  the  conductor  Is 
not  required  to  have  an  adequate 
cross-sectional  area  great  enough  to 
carry  the  large  magnitude  of  currents 
on  a  steady-state  beds.  The 

conductor  must  be  large  enough,  how¬ 
ever,  not  to  be  heated  to  its  melting 
point  over  the  duration  of  the  dis¬ 
charge,  say  100  microseconds.  Where 
the  conductor  Is  attached  to  non- 
metalllc  and  inflammable  structural 
members.  Its  temperature  rise  from  the 
current  must  not  approach  the  ignition 
point  of  the  structural  material  too 
closely.  In  the  type  of  structures 
which  usually  house  the  elements  of 
distributed  electronic  systems,  a 
cable  of  #4/0  AWQ  bare  multlstrand 
copper  cable  Is  usually  used,  for  one 
or  two  story  structures  this  is 
probably  an  overkill,  but  it  is 
certainly  safe. 


b)  The  down  conductor  should  not 
change  direction  more  than  90°  in 
any  one  bend,  and  the  bending  radius 
should  not  be  less  than  23  centi¬ 
meters.  The  reason  for  this  is  that  a 
large  discharge  current  generates  a 
very  strong  magnetic  field  which  tends 
to  straighten  any  conductor  through 
which  it  flows.  The  installation  of 
such  a  conductor  with  too  large  an 
angle  or  too  tight  a  bending  radius 
will  cause  the  down  conductor  to 
virtually  tear  Itself  apart  in  an 
effort  to  become  straight  when 
fulfilling  its  function  as  a  high 
current  carrier. 

c)  Care  must  be  taken  In  the 

placement  of  down  conductors  with 
relation  to  portions  of  electronic 
circuit  cables  because  of  Induction 
effects  from  the  lightning  current. 
The  combination  of  the  fast  rise  time 
(dl/dt)  'nd  the  peak  magnitudes  of  the 
lightn)  current  which  could  be  In 
the  do1...  endue tor  (10.000  -  200,000 

amperes)  can  create  an  Intense, 
rapidly  changing  magnetic  field  around 
the  down  conductor.  The  voltage  which 
could  be  Induced  as  a  result  of  this 
changing  magnetic  field  Into  any 
conductors  that  parallel  the  down 
conductor  could  be  catastrophic  even 
though  the  two  conductors  were 
separated  by  everal  meters.  For 
example,  suppo  a  down  conductor  and 
a  signal  line  were  parallel  for  a 
distance  of  five  meters  and  separated 
by  a  spacing  of  three  meters,  such 
that  their  mutual  inductance  over  that 
distance  was  o.l  mlcroHenry. 
Consider,  also.  that  the  down 

conductor  was  carrying  a  lightning 
current  which  peaked  at  30,000  amperes 
in  10  microseconds.  The  peak  voltage 
Induced  Into  the  signal  line  by  the 
lightning  current  would  be: 

e  = -m^-=  300  volts  (1#) 

This  level  of  voltage  would  certainly 
be  catastrophic  to  most  solid  state 

circuits  having  no  protection. 

d)  The  placement  of  down 

conductors  should  be  such  that  the 
conductor  docs  not  pass  within  6 
meters  of  metallic  masses  because  of 
the  possibility  of  side  flashes. 
Where  this  cannot  be  avoided.  It  may 
be  feasible  to  extend  a  small  branch 
wire  from  the  down  conductor  to  the 
metal  mass  and  make  It  a  part  of  the 
grounded  lightning  protection  system. 

e)  Structural  steel  may  be  used 

as  a  dojm  conductor  If  It  Is 

accessible  for  making  a  ground 
connection. 


f)  Ideally,  two  down  conductors 
should  bs  provldsd  tros  ssch  sis 
terminal  and  these  down  conductors 
should  bs  separated  by  •  considerable 
distance  or  even  on  opposite  sides  of 
the  structure. 

2arth  Connections  -  The  design  of 
grounds  (earth  connections)  for  the 
termination  of  the  down  conductors  can 
be  one  of  the  most  major  problems  of 
establishing  protection  from  ground- 
to-cloud  lightning.  Too  often  this 
portion  of  the  protection  system  Is 
implemented  by  driving  a  one  or  two 
meter  rod  Into  the  ground  and 
connecting  the  down  conductor  to  the 
rod  without  any  consideration  given  to 
the  soil  composition  or  the  grounding 
of  the  electronics,  power  and  facility 
Items  of  the  Installation.  Consider 
first  the  soil  composition  problem. 
The  most  relevant  characteristic  of 
the  soil  in  the  making  of  a  ground 
connection  Is  its  resistivity.  The 
resistance  of  a  single  vertical  rod  of 
length,  1  cm,  radius  a  cm  placed  In  a 
medium  of  resistivity  of  p  ohm-cm  Is: 

R=52^elIn^’"11  (17) 

The  maximum  resistance  of  a  lightning 
ground  (arbitrarily)  should  not  exceed 
20  ohms.  To  achieve  this  resistance 
with  a  2-foot  (60.96cm)  rod  3/4  Inch 
In  diameter  (radius  «  0.9525cm).  soil 
with  a  resistivity  of  1666  ohm-cm 
would  be  required.  Unfortunately, 
soils  with  this  resistivity  ace  rare. 
The  average  resistivity  around  the 
United  States  Is  probably  more  like 
25,000  ohm-cm.  Accordingly,  It  is 
sometimes  necessary  to  make  the  earth 
connection  with  longer  cods,  multiple 
cods  and.  In  very  shallow  soils,  even 
long-wire  counterpoises.  There  Is  an 
extensive  bibliography  on  making  earth 
connections  (6)*  and  (7)*.  It  cannot 
be  emphasised  enough  that  an  essential 
preliminary  to  the  design  of  an  earth 

connection  is  a  mimmafc _ at . tbf 

resistivity  to  a  depth  consistent  with 
the  maximum  rod  length  which  might  be 
employed . 

Another  significant  point  is  the 
relationship  of  the  llghtnlng-earth 
connection  to  that  used  for  power, 
technical  equipment  and  facility 
items.  In  all  soils  with  a 
resistivity  of  10,000  ohm  -  centi¬ 
meters  or  more.  It  is  Imperative  that 
the  lightning  ground  and  the  single¬ 
point  ground  for  the  Installation  be 
either  common  or  Interconnected.  The 
obvious  reason  for  this  consolidation 
of  earth  connections  Is  to  prevent  a 
differential  voltage  between  equipment 


and  conducting  portions  of  the 
building  which  can  result  from 
haxardous  voltage  gradients  produced 
between  their  grounds  by  the  lightning 
current  In  the  soil.  These  gradients 
can  run  to  thousands  of  volts/meter  in 
high  resistivity  soil.  The  Impact  of 
the  hazards  to  personnel  and  equipment 
that  could  be  produced  by  these 
gradients  occurring  between  strucural 
members  and  equipment  cannot  be 
stressed  too  strongly. 

PROTECTION  AGAINST  INTER/ INTRA¬ 
CLOUD  DISCHARGES  -  The  threat  of 
inter/lntra  cloud  discharges  has 
received  little  attention  In  lightning 
literature,  nonetheless,  such  ^.dis¬ 
charges  been  the  actual  cause  of  many 
equipment  failures  blamed  on  ground- 
to-cloud  lightning.  The  threat  is 
serious:  In  fact  It  Is  so  serious  that 
the  New  England  Installation  discussed 
earlier  went  through  a  period  of 
shutting  down  operations  when  the 
National  Heather  Advisory  Indicated 
that  a  thunderstorm  was  approaching. 
During  the  summer  months  thunderstorms 
are  frequent  and  severe,  with  the 
result  that  there  was  much  lost  time, 
either  by  defensive  shut-  down  or  by 
catastrophic  failure  of  components  If 
no  shutdowns  had  been  made.  Since  the 
protective  methods  described  below 
have  been  Implemented,  the  defensive 
shutdown  procedure  has  been 
abandoned.  The  Installation  now 
operates  safely  and  continuously 
during  thunderstorms. 

The  principal  threat  from 
lnter/intra  cloud  activity  Is  the 
voltage  Induced  In  outside  plant 
cables,  be  they  either  power  or  signal 
cables.  One  characteristic  of  slgual 
cables  In  a  lightning  environment  Is 
that  the  shielding  effectiveness  (8E) 
of  braid  type  shields,  such  as  those 
used  In  the  typical  shielded  cable  or 
coaxial  cable,  becomes  quite  low  as 
the  frequency  decreases  Into  the  audio 
region.  A  typical  cable  shield,  which 
might  have  a  shielding  effectiveness 
of  35  dB  at  100  kHs,  may  have  an  SE  of 
less  than  10  dB  at  one  kHs.  In 
addition,  burying  such  cables  Is  of 
little  useful  protection  against  the 
effects  of  lightning  Induced 
transients.  For  most  soils,  the  skin 
depth  over  the  lightning  spectrum  Is 
typically  tens  or  even  hundreds  of 
meters,  with  the  result  that  the  8E  of 
the  earth  at  a  practical  depth  of 
burial  Is  quite  small.  Therefore,  it 
appears  that  the  moot  cost-effective 
measure  which  can  be  taken  against  the 
threat  of  inter/lntra  cloud  lightning 
are  (a)  containment  of  long  cables  In 
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welded  Iron  pipes,  and  (b)  suppression 
of  tho  induced  energy  at  the  anda  of 
the  cables.  Suppraaalon  auat  ba 
accomplished  in  auoh  a  manner  that  it 
doaa  not  intarfara  with  tha  trans¬ 
mission  of  aithac  aignala  or  power 
ovac  tha  cablaa.  Thia  aaana  that  any 
protactiva  davica  uaad  cannot  ba  of 
tha  linaar  energy  abaorptiva  typa  but 
must  ba  a  non-linaar  voltagaor 
currant-limiting  davica  that  will 
bacoma  activa  only  if  a  pradatacalnad 
maximum  la  axcaadad.  Typical  of  tha 
davlcaa  uaad  In  thia  application  ara 
varlatora.  sanar  dlodaa,  gaa  dlodaa, 
filtara  and  hybrid  davlcaa  including 
two  or  mora  klnda  of  davlcaa. 

Soma  of  tha  davlcaa  and  thalr 
application*  and  llmltatlona  ara 
dlscuaaad  balow. 

a)  Varlatora  -  Thaaa  davlcaa 

hava  a  raalatanca  which  la  a  function 
of  tha  lnvaraa  of  tha  appllad 

voltaga.  In  a  tranalant  protection 
application.  If  tha  voltaga  acroaa  tha 
davica  Incraaaaa.  tha  variator 

raalatanca  dacraaaaa  to  limit  tha 
voltaga  to  a  aafa  laval. 
Unfortunately,  thia  voltaga  limiting 

la  inadequate  alnca  there  ia  no  clear 
clamping  calling  on  It,  and  ft  may 
alao  act  too  alowly. 

b)  Zanar  Dlodaa  -  Thaaa  dlodaa 

ara  vary  uaaful  aa  clamping  'davlcaa. 
Whan  a  aanar  diode  raachea  ita 
avalanche  point,  any  attempt  to 

lncreaae  tha  appllad  voltaga  will 
raault  in  mora  currant  through  tha 
diode.  /The  avalanche  point  can  ba 
vary  accurately  controlled  in  tha 
manufacturing  procaaa.  for  lightning 
protection  a  bipolar  or  back-to-back 
configuration  form  la  nacaaaacy 

because  tha  polarity  of  an  Induced 
transient  voltaga  may  ba  of  either 
algn.  One  manufacturer  (General 

Semiconductors ,  Inc.)  has  a  product 

line  of  polarised  and  bipolar  sanars 
called  Transsorbs*,  that  ware 
developed  specifically  for  protection 
against  the  affects  of  electro¬ 
magnetic  pulse  (BHP).  Tha  Transsorb 
has  a  response  time  of  lass  than  one 
nanosecond.  Because  It  la  constructed 
with  a  Junction  of  relatively  large 
area,  It  can  dissipate  large 

quantities  of  anargy  over  tha  short 
time  period  usually  taken  by  lightning 
or  IMP  events.  Tha  Transsorb  Is 
limited  in  application  by  tha  high 
intaralactroda  capacitance  which 
results  from  tha  large  area  of  tha 

,  Junction.  It  cannot  ba  used  on 

circuits  where  this  capacitance  across 
the  circuit  would  affect  tha 
characteristics  of  tha  signal.  This 

1 


can  ba  offset  by  using  high  frequency 
diodes  In  series  with  tha  davica,  or, 
where  possible,  placing  it  at  tha  and 
of  a  quarter  wave  stub  if  high 
frequencies  ara  involved.  For 
applications  where  many  circuits  ara 
involved.  In  telephone  subscriber 
line  circuits,  tha  Transsorbs  ara 
packaged  in  o  DIP  configuration,  four 
to  a  package. 

c)  <?*s  Diodes  -  These  dlodaa 
usually  consist  of  two  electrodes  In  a 
glass  envelope  whloh  has  bean 
evacuated  and  filled  with  an  inert  gas 
such  as  neon  or  argon.  The  tuba  has 
an  ignition  voltaga  and  a  somewhat 
lower  steady-state  voltaga  at  which 
conduction  starts  and  tends  to  ba 
maintained.  Tha  ignition  voltaga  and 
steady-state  voltaga  ara  a  function  of 
tha  kind  of  gas.  gas  pressure  and  tha 
electrode  spacing.  This  davica  Is 
often  used  in  lightning  protection 
applications  whore  tha  steady  state 
voltaga  drop  is  greater  than  tha 
normal  operating  voltaga  of  tha 
circuits  protactad.  Tha  major  dis¬ 
advantages  ara  that  tha  higher 
Ignition  voltaga  Is  usually  wall  above 
tha  steady  state  level  and  tha 
potential  clamping  action  Is 
relatively  slow.  Protaotad  circuits 
may,  therefore  ba  subjected  to  a 
higher  level  of  the  transient  before 
the  gas  reaches  ignition. 

These  devices  are  usually  limited 
to  a  steady  state  level  of  from  70 
volts  to  300  volts;  therefore  their 
use  is  generally  in  power  olrouits  and 
not  for  protection  of  low-level  solid 
state  circuits.  In  addition,  they  ere 
coulomb  limited,  presumably  because  of 
erosion  of  tha  electrode  material 
through  continued  discharge. 
Accordingly,  their  useful  life  is 
limited  and  they  must  be  replaced 
periodically  in  order  to  maintain  a 
continuing  level  of  protection.  Burge 
protection  systems  using  gas  diode 
devices  were  used  in  the  New  Xngland 
installations  discussed  in  this  paper 
for  power  line  protection  with  very 
satisfactory  results. 

d)  Filters  -  Filters  can  be  used 
for  protection  against  the  effects  of 
lightning  to  a  limited  degree.  Their 
application  is  found  mainly  where  they 
are  not  required  to  meet  the  full 
burst  of  the  Impulse  but  rather  are 
needed  to  suppress  frequency 
components  of  the  Induced  lightning 


*Transsorb  is  a  registered  trademark 
of  General  Semiconductor,  Inc.,  Tempe, 
Arlsona . 
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voltage  which  sight  cause  functional 
disruption  of  electronic  systems, 
e.g..  an  unwantsd  computer  halt. 
Typical  applications  are  the  use  of 
low-pass  filters  in  power  supply 
feeders  or  in  high-pass  filers  in 
control  lines.  In  all  filter 
applications,  one  must  assume  that 
there  is  other  protection  in  the 
system  to  preclude  the  development  of 
voltages  on  the  filters  which  would 
exceed  the  breakdown  level  of  any  of 
the  filter  components. 

e)  Hybrid  Devices  -  Hybrid 
devices  are  those  which  Include  two  or 
more  of  the  protective  devices 
described  above.  The  combination  of 
devices  is  dictated  by  the  specific 
regulrements  for  the  system  or  because 
of  the  lnadeguacles  of  one  of  the 


this  type  of  protection,  which  were 
beguu  by  ben  franklin,  have  been 
expanded  upon  to  meet  the  more 
stringent  protection  requirements  for 
solid  state  oiroultry. 

The  threats  imposed  upon  solid 
state  circuitry  by  lnter/lntra  cloud 
lightning  discharges  have  been  tainted 
out  in  this  paper.  These  threats  have 
not  received  much  attention  in  the 
past,  yet  they  are  probably  more 
serious  than  ths  threats  Imposed  by 
the  ground-to-cloud  direct  strike 
phenomena.  Inter/Intra  cloud 
discharges  account  for  the  highest 
percentage  of  lightning  activity  and 
they  produce  electromagnetic  fields 
capable  of  inducing  catastrophic 
potentials  of  thousands  of  volts  in 
any  portion  of  a  distributed 


devices  combined.  for  example,  a  gas 
diode  is  often  used  in  combination 
with  a  Transsorb.  The  gas  diode  has  a 
relatively  slow  response  to  a 
transient  requires  a  voltage  above 
the  protection  level  for  ignition. 
The  Transsorb,  on  the  other  hand, 
while  responding  very  rapidly  to  limit 
the  voltage  applied  to  a  circuit,  is 
limited  in  the  amount  of  energy  it  can 
dissipate.  If  the  two  devices  are 
combined  as  shown  in  Figure  13  with  an 
Inductor  tc  form  a  hybrid  circuit,  the 
combination  can  provide  adequate 
protection  throughout  the  entirety  of 
a  strong  lightning-induced  transient. 
The  Transsorb  conducts  the  Instant  the 
threshold  is  exceeded,  the  Inductor 
helps  to  develop  the  ignition  voltage 
for  the  gas  diode  and  the  gas  diode, 
then  aan  handle  the  induced  voltage 
during  the  decay  period  of  the 
transient.  This  hybrid  device  is 
particularly  effective  in  protecting 
circuits  against  the  more  rapid  rise 
time  transients  encountered  in  IMP . 
other  hybrid  circuits  may  lncorprate 
filters  with  gas  diodes  and/or  sener 
diodes  for  specialised  applications 
where  portions  of  the  frequency 
spectrum  must  be  inhibited. 

SyiMARY  MID  CONCLUSION 

Large  distributed  electronic 
systems  such  as  area  traffic  control 
systems,  plant  process  control 
systems.  satellite  ground  communi¬ 
cation  and  tracking  systems  and  plant 
branch  telephone  exchange  systems  are 
at  the  mercy  of  lightning  induction 
phenomena  unless  properly  protected. 

Most  Installations  are 
traditionally  protected  against  the 
effects  of  ground-to-cloud  lightning 
discharges.  The  basic  principles  for 


slectronic  system. 

Protection  measures  against  the 
lnter/lntra  aloud  discharge 
phenomenon,  may  be  designed  using  the 
following  procedure: 

a)  Determine  the  lightning 
threat  -  Use  lsokaurenlo  maps,  PAA 
weather  data  or  local  weather  bureau 
information  -  calculate  the 
lnter/lntra  cloud  activity  from 
equation  (4)  [lnter/lntra  cloud 
traction  >  <uale  (l  -  p)]. 

b)  determine  the  vulnerabilities 
of  the  system  -  given  worst-case 
threats  as  shown  in  Figures  11  and  12, 
determine  the  hasard  potential 
produced  by  those  threats,  with  due 
consideration  given  to  the  shielding 
effectiveness  of  encapsulation,  the 
apparent  shielding  realised  from 
balanced  olreults  and  any  other 
threat-mitigating  factors. 

c)  Determine  the  catastrophic 
failure  voltage  levels  of  the  circuits 
associated  with  the  vulnerable 
portions  of  ths  system. 

d)  Assign  protective  devices  to 
the  circuits  in  accordance  with  their 
vulnerability  as  determined  in  (c) . 

Protective  measures  thus  developed 
and  implemented  will  protect  these 
systems  against  the  majority  of 
lnter/lntra  cloud  discharges.  In 
addition,  these  measures  will  afford 
protection  against  some  of  the 
caprices  of  ground-to-cloud 
discharges,  both  direat  and  nearby. 
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NOTE;  POLARITY  MAY  CHANGE  WITH  VARIOUS 

CONTAMINANTS  AND  THEIR  CONCENTRATION 

fig.  1  -  Lightning  davolopwant  with  « 
aloud 


AS  CONVECTION  PROCESSES  CONTINUE  WITHIN  CELLS, 
POTENTIALS  BETWEEN  CELLS  CONTINUE  THROUGH 
CHARGE  SEPARATION  -  COULD  TAKE  PLACE  BETWEEN 
CELLS  IN  DIFFERENT  CLOUDS.  EVENTUALLY  STRIKING 
DISTANCE  WILL  EXCEED  PHYSICAL  DIST/  !CE  AND  A 
DISCHARGE  WILL  RESULT 


fig.  3  -  Intor/lntr*  cloud  dlnahacgo 

M«ch«nlan 


-  -++  +  +  +  +  +  +  + 


fig.  3  -  Cloud-to-aarth  ah«cg« 
induction 
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(c)  MAIN  DISCHARGE  INITIATED  WHEN  LEADER 
PASSES  WITHIN  STRIKING  DISTANCE 


fig.  4  -  8t«0«i  of  dmlosnnt  In  i 
ground-to-cloud  discharge 
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%  DISCHARGES  TO  GRD 
VS  LATITUDE 


fig.  5  -  Variation  of  lightning 
activity  type  with  latltuda 
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Lightning  Activity  Observed  in 
Upper  and  Lower  Portions  of  Storms  and  Its 
Relationship  to  Storm  Structure  from 
VHF  Mapping  and  Doppler  Radar 
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Donald  R.  MacGorman 
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1313  Halley  Circle 

^  Norman,  Oklahoma  73069 

Space-time  mapping  of  VHF  sources  reveals  lightning  processes  for 
cloud-to-ground  (CG)  and  for  large  intracloud  (IC)  flashes  are  confined 
to  an  altitude  bulov  about  10  km  and  closely  associated  with  the  central 
high  reflectivity  region  of  a  storm.  Another  class  of  IC  flashes  has 
been  identified  that  produces  a  splattering  of  small  sources  within  the 
main  electrically  active  volume  of  a  storm  and  also  within  a  large 
divergent  wind  canopy  at  the  top  of  a  storm.  There  is  no  apparent 
temporal  association  between  the  small  high  altitude  IC  flashes  occur¬ 
ring  almost  continuously  and  the  large  IC  and  CG  flashes  sporadically 


occurring  in  the  lower  portions  of 

INTRODUCTION 

Relating  lightning  loco^ion  with  storm  re¬ 
flectivity  and  internal  wind  structure  is  one 
of  our  major  efforts  within  the  Storm  Electricity 
Group  at  the  National  Severe  Storms  Laboratory. 
Definitive  results  in  this  field  require  good 
data  obtained  simultaneously  with  our  dual  VHF 
lightning  mapping  stations,  dual  10-cm  wavelength 
Doppler  radars,  and  supportive  data  from  many 
other  storm  electricity  sensors  for  documentation 
of  lightning  type. 

MacGorman  and  Taylor  (1)*  recently  presented 
the  superposition  of  VHF  sources  for  individual 
flasheo  with  radar  reflectivity  and  the  vertical 
distribution  of  VHF  sources.  Rust,  Taylor, 
and  MacGorman  (2)  discussed  the  complexity  of 
lightning,  the  spatial  characteristics  of 
flashes  end  the  progression  speeds  of  IC 
flashes  resulting  from  use  of  the  VHF  mapping 
technique,  Th*  association  of  VHF  sources 
with  radar  reflectivity  and  storm  winds  and 
with  the  radar  reflectivity  of  a  storm  with 
a  mesocyclone  was  presented  by  Rust  et  al. 

(3).  In  all  of  these  results,  only  the  promin¬ 
ent  major  flashes  with  big  field  changes  and 
large  numbers  of  VHF  signals  were  selected  for 
study.  Analyses  consisted  of  utilising  the 
signals  produced  by  each  flash  during  a  short 
period  of  time,  ueually  less  than  on»  second. 

An  active  storm  producing  six  major  flashes 


♦Numbers  In  parentheses  designate  references  at 
end  of  paper. 


storms. 

K 

per  minute  would  result  In  having  anelyels  per¬ 
formed  during  less  than  10  percent  of  the  storm 
time  period.  Although  a  background  of  small, 
minor  flashes,  each  containing  only  a  few  VHF 
sources,  was  evident  primarily  at  high  altitudes 
during  the  process  of  selecting  data  for  tha 
various  analyses,  these  minor  flashes  were 
not  considered  sufficiently  Important  for  study. 

Four  thunders! orms  pujsed  within  our  VHF 
and  Doppler  radar  mapping  areas  during  19  June 
1980.  These  were  small  marginally  severe  atorme 
and  were  not  very  active  electrically  as 
evidenced  by  infrequent  major  flashes.  Because 
of  this,  the  minor  flashes  at  high  altitude 
seemed  to  be  of  more  relative  Importance  to 
the  overall  electrical  activity  of  the  atorme. 
Consequently,  all  lightning  activity  detected 
by  the  VHF  mapping  ayatem  for  both  major  and 
minor  flashes  associated  with  theae  atorme  was 
analyzed.  This  report  presents  spatial  rela¬ 
tionships  between  major  and  minor  flashes  end 
the  precipitation  sud  wind  in  these  four 
Oklahoma  storms. 


INSTRUMENTATION 

NSSL  operates  two  recording  sites  to 
observe  simultaneously  the  VHF  radio  frequency 
signals  produced  by  lightning  and  to  obtain 
Doppler  radar  data  for  the  accompanying  atorme. 
The  mein  site  at  Norman  ie  part  of  the  NSSL 
research  facility.  Tha  other  site,  Cimarron, 
is  located  about  42  km  northwest  of  Norman, 
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This  configuration  forma  a  primary  dual-mapping 
data  acquisition  area  that  is  shaped  approximately 
as  a  figure  8  with  the  long  axis  aligned  from 
southwest  to  northeast. 

The  VHF  mapping  technique  uses  a  wideband 
(30-80  MHz)  system  capable  of  resolving  16,000 
electromagnetic  impulse  signals  per  second. 

The  sources  of  these  signals  are  probably  from 
the  extremely  short-term  changes  in  the  current 
moment  that  are  spatially  distributed  along 
lightning  flash  channels  within  the  cloud. 

Time  difference  of  arrival  of  these  signals  at 
a  pair  of  horizontally  spaced  antennas  and  a 
pair  of  vertically  spaced  antennas  define, 
respectively,  azimuth  and  elevation  angles  to 
individual  signal  sources.  An  antenna  spacing 
of  13.74  m  combined  with  careful  amplitude 
threshold  adjustments  and  fast  emitter-coupled 
logic  circuitry  provide  a  measure)  of  signal 
arrival-time  differences  between  the  antennas 
with  an  error  of  less  than  ±0.4  ns.  This 
relates  through  simple  trigonometric  formula¬ 
tions  to  an  angular  accuracy  of  ±0.5°.  A 
network  of  horizontally  spaced  antennas 
allows  a  60°  azimuthal  sector  of  signal  accept¬ 
ance  to  be  adjusted  in  30°  increments.  (Recently 
the  sector  was  expanded  to  120°.)  A  real-time 
monitor  at  each  station  provides  an  azimuth- 
elevation  display  of  all  lightning  signals 
within  the  sector  limits  to  allow  tracking  and 
interpretation  of  lightning  activity.  Addi¬ 
tional  details  of  this  instrumentation  are 
presented  by  Taylor  (4)  and  by  MacGorman  »*nd 
Taylor  (1) . 

The  simultaneously  observed  azimuth  and 
elevation  directions  snd  signal  arrival  times 
recorded  digitally  on  magnetic  tape  at  our  two 
stations  are  uaed  in  post  analysis  to  determine 
through  triangulation  the  three-dimensional 
location  of  the  lightning  element  producing 
each  received  algr.  1.  The  arrival  times, 
measured  to  16  s  relative  accuracy  between 
stations,  are  used  to  identify  signals  for 
processing.  To  assure  that  only  those  signals 
that  were  produced  by  a  common  source  are 
selected  for  analysis,  it  is  required  that  the 
location  of  the  source  obtained  through  tri¬ 
angulation  must  fall  within  the  hyperbolic 
region  defined  by  the  gross  difference  in 
arrival  time  of  the  signal  at  the  two  stations. 

A  sizable  portion  of  the  signals  observed  at 
either  station  do  not  survive  this  selection 
process.  For  those  that  do  survive,  the 
sources  of  signals  are  defined  by  using  the 
0.5°  accuracy  intrinsic  to  each  site. 

Dual  Doppler  radar  data  are  obtained  by 
coordinated  scans  up  through  a  selected  storm. 
Sector  limits,  antenna  rotation  speadB,  eleva¬ 
tion  increments  and  other  aelectables  are 
programmed  into  the  radar  controls.  Each  tilt 
sequence  takes  4-6  minutes  depending  on  storm 
size  and  range.  More  information  on  the 
scanning  technique  and  details  on  the  data 
synthesis  to  provide  storm  structure  and 
dynamics  ate  presented  by  Ray  et  al,  (5). 


Electric  field  changes  are  measured  with 
sensors  of  the  type  described  by  Krehbiel  et 
al.  (6).  These  devices  have  microsecond  rise 
times  snd  exponential  decay  time  constants  of 
10  s  and  100  ps.  Changes  in  the  electric 
field  accompanying  a  lightning  flash  ar(i 
used  to  identify  cloud-to-ground  flashes  and 
determine  the  number  of  strokes. 


OBSERVATIONS  AND  RESUJ.TS 
Storm  Overview 

Deep  convection  began  on  19  June  1980  to 
the  southwest  of  Norman  around  1930  CST  and 
several  storms  developed  in  Central  Oklahoma 
during  the  next  two  and  one  half  hours.  Both 
Doppler  and  Storm  Electricity  data  were 
collected  on  these  storms,  but  they  were 
outside  the  nominal  range  of  the  VHF  mapping 
system. 

Rawinaonde  observations  were  taken  at 
three  sites  in  central  Oklahoma  during  periods 
2015-2100  and  2215-2300.  Environmental  winds 
were  generally  from  the  east  at  <1  km  heights, 
veering  through  south  at  2  km  and  from  the 
west  at  heights  from  3  to  16  km.  Wind  speed 
averaged  10  m  s~^  at  ^6  km.  Increased  to 
30  m  s-1  at  10-12  km  and  then  decreased  at 
greater  heights.  The  temperature  was  0°C  nt 
4.8  km  height,  -20°C  at  7.6  km,  ~30°C  at 
9.0  km,  and  -40°C  at  10.4  km  during  the  first 
period.  The  same  temperatures  were  shifted 
about  0,1  km  higher  during  the  second  period. 

At  2214,  a  Btorm  about  50  km  north  of 
Norman  had  become  electrically  active,  and 
all  sensors  were  focused  on  this  new  storm 
area  and  hereafter  referred  to  as  storm  I. 

The  Norman  (N)  VHF  mapping  sector  was  set  for 
330°-30°  and  the  Cimarron  (C)  sector  for 
30°-90°  as  shown  in  Fig.  1  by  the  heaviest 
lines.  The  approximate  centers  of  all  major 
flashes  observed  from  storm  I  are  indicated 
by  open  circles. 

Shortly  after  our  observations  on  storm 

I  began,  we  became  aware  that  storm  II  was 
becoming  electrically  active.  The  approximate 
centers  of  the  major  flashes  from  storm  II 
are  shown  Xu  Tig.  1  by  X's.  As  the  storm 
moved  southward,  rome  of  the  flashes  occurred 
at  azimuths  greater  than  the  90°  sector  limit 
for  Cimarron.  It  was  decided  not  to  rotate 
the  60"  observing  sector  to  accommodate  all 

of  the  storm  IX  flashes  because  to  have  done 
so  would  have  prevented  further  lightning 
flash  observations  of  storm  I. 

lightning  activity  ir.  storm  1  and  storm 

II  ceased  at  about  2247,  and  we  turned  our 
attention  to  a  developing  storm  about  40  km 
to  the  west  of  Norman.  Flashes  from  this 
storm  III  are  shown  in  Fig.  1  by  open  squares. 
VHF  mapping  sectors  were  at  240°-300°  for 
Norman  and  150°-210°  for  Cimarron.  Electrical 
activity  within  this  storm  terminated  about 
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Figure  1.  Approximate  oentere  of  major  flashes. 

o  Storm  I  x  Storm  II 

a  storm  III  •  Storm  IV 

Straight  tinea  radiating  out  from  C  (Cimarron) 
and  N  (Norman)  are  azimuthal  eeotor  limits 
explained  in  text. 


2321,  and  shortly  thereafter  lightning  activity 
began  to  the  south  of  storm  III  whereupon  the 
Norman  sector  woe  changed  to  210°-270°. 

Although  the  flash  canters  for  this  last 
observational  period  are  very  scattered,  as 
shown  in  Fig.  1  by  the  solid  circles,  we 
categorize  these  as  having  their  origin  in 
storm  IV.  Lightning  activity  in  this  storm 
slowly  decreased  and  finally  ceased  after 
about  2359. 

|  Lightning  Activity  as  a  Function  of  Time 

)  The  altitudes  of  all  VHF  sources  located 

I  by  triangulation  for  storm  I  are  plotted  as  a 
function  of  time  in  Fig.  2.  Altitude  of  euch 
source  is  computed  relative  to  ground  level 
I  which  is  0.4  km  above  MSL.  The  CG  (cloud- to- 
j  ground)  and  large  IC  (intracloud)  flashes  are 
:  very  conspicuous  since  the  sources  for  each 

<  flash  occur  in  a  short  span  of  time  (usually 

i  lesB  than  0.5  s)  and  in  the  figure  are  distribu¬ 

ted  in  vertical  columns  of  pluses  (4-) .  Only 
twelve  or  fifteen  flashes  are  obvious  at  first 
j  glance,  but  othar  smaller  flashes  producing 
j  only  a  few  sources  distributed  along  vertical 

lines  can  be  recognised  by  angling  the  figure 

I 

j 
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back  and  aiming  with  the  eye  up  through 
increasing  altitudes. 

Storm  I  was  undoubtedly  electrically 
active  prior  to  the  beginning  of  our  observa¬ 
tions  as  evidenced  by  the  relative  high  density 
of  sources  already  attained  by  2214.  There 
was  a  steady  decrease  in  electrical  activity 
for  the  major  IG  and  CG  flashes  in  the  lower 
part  of  the  storm,  as  well  as  for  the  minor  IC 
flashes  and  individual  sources  scattered 
throughout  the  storm,  starting  at  about  2222 
until  the  last  source  was  produced  just  prior 
to  2245. 

The  time  distribution  of  major  flashes 
for  storm  II,  presented  in  Fig.  3,  is  almost  a 
mirror  image  of  that  for  storm  I.  Electrical 
activity  in  storm  II  grew  very  slowly  through 
2238.  A  period  of  relatively  steady  activity 
then  continued  until  2246,  after  which  the 
lightning  abruptly  ended.  The  last  VHF  source 
in  storm  II  occurred  about  two  minutes  after 
the  last  source  in  storm  I. 

As  seen  in  Fig.  4,  storm  III  wbb  the 
least  active  of  the  four  storms.  We  probably 
did  not  observe  the  initial  lightning  ;'.n  this 
storm.  The  general  trend  of  activity  did  not 
vary  greatly  during  this  storm  although  there 
was  a  minimum  near  2303,  followed  by  a  peak 
between  2307-2311,  and  finally  the  last  uource 
was  mapped  just  prior  to  2322, 

Twenty  seconds  after  termination  of  rtorm 
III,  storm  IV  became  active  as  seen  in  Fig.  5, 
Initial  lightning  began  approximately  24  ku> 
south  of  the  final  activity  in  storm  III.  The 
first  mapped  source  occurred  at  12.5  kin  alta'.- 
tude  and  was  Just  less  than  one  minute  before 
the  first  major  flash.  Activity  generally 
decreased  with  time.  Unlike  the  other  thre< 
storms,  the  minor  flashes  at  altitudes  above 
10  km  decreased  in  rata  more  rapidly  than  the 
major  and  minor  flashes  at  lower  altitudes. 

The  general  characteristics  of  the  arrange¬ 
ment  of  sources  in  altitude  as  a  function  of 
time  for  these  four  storms  presented  in  Figs. 
2-5  are  very  similar.  Very  few  sources  asso¬ 
ciated  with  the  major  flashes  are  observed  at 
an  altitude  above  10  km  and  most  seem  to 
terminate  at  8  km  or  less.  All  sources  result¬ 
ing  from  minor  flashes  are  scattered  in 
altitude  and  time  throughout  the  storm  but 
tend  to  concentrate  in  the  upper  regions 
centered  at  about  12  km.  A  minimus  in  the 
number  of  lightning  sources  it  just  discernible 
meandering  between  8-10  km  altitude  as  time 
progresses.  Also,  some  fine  structure  in  the 
altitude-time  distribution  of  sources,  iw 
evident  at  the  higher  altitudes  suggesting 
that  the  altitude  of  lightning  activity  may 
increase  or  decrease  in  an  organized  manner. 
Changes  in  the  fine  structure  of  source 
altitude  versus  time  is  most  clearly  shown  in 
storm  I,  Fig.  2  and  the  latter  part  of  storm 
II,  Fig.  3. 

When  we  examine  the  laet  eight  minutes  of 
storm  IV,  we  find  that  apparently  the  high 
altitude  minor  flashes  are  moved  down  with 
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Figure  2.  Altitude  of  all  VHF  sources  versus 
time  for  Storm  I. 


TIME  (CSTI 

Figure  3,  Altitude  of  all  VHF  source  a  versus 
time  for  Storm  II. 


time  while  the  low  altitude  minor  flashes  are 
moved  up.  The  tendency  aeerae  to  have  been  for 
a  convergence  of  the  activity  near  8  km. 

Similar  phenomena  Beam  to  have  occurred  during 
the  final  stage  of  the  other  storms  at  altitudes 
of  9-10  km,  although  not  very  clearly  defined. 

Major  and  Minor  Flashes 

Major  flashes  are  thoBe  that  produced  >30 
VHF  signals  at  each  mapping  station.  The  moat 
prominent  flashes  produced  several  hundred 
signals,  whereas  the  median  number  for  all 
major  flashes  was  80.  Minor  flashes  are  those 
that  produce  £5  VHF  signals  but  <30  at  each 
mapping  station.  Only  about  25  percent  of  all 
recorded  signals  were  converted  to  lightning 
source  locations  and  mapped  in  3-D.  Some 
signals  were  eliminated  by  the  data  selection 
process  mentioned  previously;  others  were  not 
observed  either  because  they  were  outside  the 
sector  limits  of  one  of  the  stations  or  because 
they  did  not  exceed  tho  amplitude  threshold  of 
one  of  the  stations.  Consequently,  some  minor 
flashes  are  represented  by  a  single  plus  symbol 
in  Figs.  2-5. 

Detecting  CG  flashes  was  accomplished  by 
recognizing  the  stepped  characteristics  on  the 
electric  field  changes  that  occurred  simultan¬ 
eously  with  the  VHF  signals.  A  step  change  in 
the  electric  field  is  produced  for  each  return 


Figure  4.  Altitude  of  all  VHF  sources  versus 
time  for  Storm  III. 


Figure  6.  Altitude  of  all  VHF  sources  vei'ues 
time  for  Storm  IV, 


stroke  in  a  CG  flesh.  Because  of  the  range  to 
some  flashes  couplsd  with  Interference  from 
other  storms,  it  was  not  possible  to  accurately 
determine  the  number  of  strokes  in  each  CG 
flash,  but  we  do  faal  confident  that  we  have 
properly  identified  the  CG  flashes.  The 
number  of  1C  flashes  was  determined  solely 
from  the  mapping  data.  Table  I  shows  the 
lightning  activity  for  each  "torm. 

Table  I 


Major  lightning  flash  activity  for  each  storm 


Storm  Number  of 
No.  all  flashes 

Number  of 
CG  flashes 

Percent 

CG 

Total 

Storm 

Time 

I 

27 

9 

33* 

31  min 

II 

28 

9 

32* 

33  min 

III 

15 

3 

20* 

34  min 

IV 

17 

4 

24* 

36  min 

Totals 

87 

25 

29* 

134  min 

The  percentage  of  flaahee  that  are  CG  is 
about  what  we  usually  encounter  for  Oklahoma 
storms,  yet  the  flashing  rstas  are  far  below 


those  usually  observed  (3).  There  was  an 
average  of  only  0.65  major  flashes  per  minute 
throughout  the  observing  period.  If  we  group 
storms  I  and  IX  Into  a  storm  complex,  since 
they  occurred  concurrently,  the  actual  flashing 
rate  for  that  period  was  1,67  min  .  The  rate 
for  storms  III  and  IV,  which  were  consecutive, 
was  only  0.46  min  .  The  moat  active  five- 
minute  period  for  an  individual  storm  occurred 
between  2238-2243  for  storm  II  when  the  overall 
flashing  rate  was  2.2,  and  the  CG  flashing  rate 
was  1.2  min”1. 

The  absence  of  a  high  flashing  rate  for 
the  major  flashes  in  these  storms  led  to  the 
realisation  that  a  background  of  small  flashes 
existed  primarily  at  high  altitudes.  Thase 
smell,  minor  flashes  seemed  to  be  of  much  more 
relative  importance  in  the  overall  electrical 
activity  in  these  storms  than  we  had  ascribed 
to  them  in  our  previous  studies.  An  analysis 
of  the  azimuth-elevation  data  of  the  minor 
flashes  observed  at  each  station  reveals  that 
each  of  these  flashes  involved  a  relatively 
small  region  of  the  storm.  During  the  first 
eight  minutes  of  storm  1,  selected  because  it 
wan  one  of  the  more  electrically  active  periods 
during  these  observations,  the  average  size  in 
the  horizontal  plane  of  all  minor  flashes  was 
9  km1.  The  average  size  of  the  major  IC  and  CG 
flashes  for  all  four  storms  were,  respectively, 
28  km2  and  48  km2.  Thus,  the  size  of  the 
average  minor  IC  flash  was  substantially  smaller 
than  the  major  IC  and  considerably  smaller  than 
the  major  CG. 

There  were  12  major  flashes  during  thin 
period,  i.e.,  9  IC  and  3  CG,  and  210  minor 
flashes.  A  3:1  ratio  in  the  major  IC  to  CG 
activity  is  near  the  average  we  observed  for 
these  storms.  The  ratio  of  minor  to  major 
flashes,  for  which  we  have  analyzed  no  other 
data  for  comparison,  is  greater  than  17:1.  The 
flashing  rates  of  the  minor  flashes  varied  from 
18  to  36  min-1  and  averaged  26  min-1.  This 
gives  an  average  time  separation  between  flashes 
of  2.3  s.  Time  separations,  however,  are  log 
normally  distributed  with  a  median  of  1.4  s  and 
a  standard  deviation  of  ±20  log  2.5  giving 
a  -la  value  of  0.56  and  a  +la  value  of  3,5  s. 

Altitude  Distribution  of  Lightning 

Let  us  now  examine  the  altitude  distribu¬ 
tion  of  the  mapped  VHF  sources  for  our  four 
storms  as  shown  in  rigs.  6-9.  The  lower, 
shaded  distribution  in  each  figure  comprise 
the  major  flashes,  i.e.,  those  containing 
>30  VHF  signals.  Minor  flashes  are  represented 
in  the  unshaded  distribution  with  the  tail 
end  of  the  distribution  at  low  altitudes 
passing  through  the  shaded  area. 

Mo  altitude  discriminants  were  employed 
in  categorising  the  flashes,  only  the  number 
of  sources  in  each  flash  was  used.  Thus  ,  to 
8 tart  the  selection  process,  ell  mapped  sources 
occurring  during  the  active  period  of  a  major 
flash,  sometimes  extending  beyond  a  second  in 
duration,  were  counted  as  part  of  the  flash. 


Some  sources  from  minor  flashes  were  undoubtedly 
included  in  this  period.  Most  major  flashes 
occurred  at  lower  altitudes,  but  a  few  flashes 
at  high  altitude  satisfied  the  count  criteria 
and  ware  counted  as  major  flashes,  e.g.,  the 
one  in  storm  II  at  2225:42,  recognized  as  a 
short  vertical  line  of  pluses  centered  at 
11  km.  These  sources  at  high  altitude  caused 
the  distribution  of  major  flashes  to  tall  off 
slowly  with  height.  The  sources  occurring  at 
all  other  times  throughout  the  storm  not 
designated  as  a  major  flash  were  counted  in 
the  minor  flash  category.  There  were  a  few 
small  flashes  at  low  altitudes  that  produced 
only  a  few  sources  and  these  caused  the  distri¬ 
bution  of  the  minor  flashes  to  tall  off  at  low 
elevations. 

Most  lightning  sources  in  the  major 
flashes  occurred  at  4-6  km  altitude,  while  the 
minor  flashes  showed  maximum  occurrence  at  Il¬ 
ls  km,  Large  differences  in  the  altitude 
distributions  of  flashes  in  storm  I  and  storm 
II  are  evident  in  Fig.  6  and  Fig.  7.  Although 
these  storms  occurred  concurrently,  the  most 
active  period  of  lightning  occurred  prior  to 
2222  for  storm  I  and  after  2238  for  storm  II. 
When  we  smooth  the  altitude  distributions 
by  eye,  we  find  that  the  source  altitudes  in 
storm  II  for  the  major  flashes  were  2.5  km 
lower,  and  for  the  minor  flashes  were  1.0  km 
lower,  than  those  observed  in  storm  I.  In 
addition,  the  relative  number  of  minor  flashes 
in  storm  II  was  very  email.  Altitude  distribu¬ 
tions  in  storms  III  and  IV  were  very  similar, 
as  shown  in  Fig.  8  and  Fig.  9,  and  only  slight 
differences  in  the  relative  number  of  sources 
are  apparent.  For  this  group  of  four  storms, 
about  the  same  number  of  VHF  sources  was 
produced  by  lightning  activity  above  8  km  as 
below  that  Mltituda. 

Lightning  Relative  to  Precipitation  and  Winds 

It  is  very  difficult  to  produca  an  easily 
understandable  composite  of  lightning  activity 
and  Doppler  radar  darivad  storm  parameters. 

We  delve  into  this  part  of  our  results  by 
presenting  the  analyses  performed,  an  example 
of  results  obtained  by  combining  lightning 
location,  precipitation  and  horizontal  wind 
parameters  for  one  storm,  and  discussion  of 
the  general  associative  characteristics  among 
these  parameters  for  the  other  three  storms. 

VHF  sources  occurring  during  each  radar 
tilt  sequence  ware  partitioned  into  1  km 
height  increments  and  mapped  separately  for 
major  and  minor  flashes.  Radar  data  ware 
synthesized  to  give  reflectivity  contours, 
horizontal  wind  vectors  and  vertical  wind 
speeds  for  each  1  km  height.  Upon  comparing 
the  lightning  data  with  the  radar  darivad 
storm  parameters  for  each  height,  it  was  found 
that  the  location  of  lightning  sources  conforms 
best  with  the  radar  reflectivity  contours  at 
5  km  height  for  major  flashes,  and  with  the 
divergent  horizontal  wind  pattern  at  13  km 
height  for  minor  flashes.  There  seemed  to  be 
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Figur'd  G.  Altitude  distribution  of  VHF  aouraes  Storm  8.  Altitude  distribution  of  VHF  aouraes 

for  Storm  I.  for  Storm  III. 
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Figure  7 .  Altitude  distribution  of  VHF  souroae  Storm  9.  Altitude  distribution  of  VHF  sources 

for  Storm  II.  for  Storm  IV. 


no  specific  relationships  between  major  fleshes  2222  to  2227  wheress  the  lightning  sctlvity 

and  either  the  horlsontel  or  vertical  winds  in  was  snmnad  over  the  period  2219-2227  „  Upon 

the  lower  part  of  the  atom  apart  from  their  eliminating  20  percent  of  the  most  widely 

mutual  association  with  the  precipitation.  scattered  sources  within  the  view  presented  in 

At  the  sacrifice  of  structural  detail  and  fig.  10,  we  find  thet  SO  percent  of  all  sources 

secondary  relationships,  lightning  locations  are  contained  in  the  shaded  area  and  50  percent 

and  radar  derived  parameters  are  presented  for  are  within  the  more  darkly  shaded  portion.  It 

only  the  two  heights  where  associations  appear  is  clear  that  the  lightning  sources  were 

the  strongest.  The  essential  aspects  of  this  concentrated  in  tha  high  reflectivity  core 

study,  therefore,  are  presented  in  the  exam-  of  this  storm.  Tha  horitontal  winds  tended  to 

plea  shown  in  Figs.  10  and  11,  which  are  curve  through  tha  main  lightning  activity  area 

representative  of  all  data  collection  periods  with  indications  of  slight  convergence.  The 

fer  the  four  storms.  main  updraft  core  for  this  part  of  the  storm 

Superposed  onto  the  plan  view  of  the  40  was  centered  at  4  km  west  and  41  km  north  of 

and  50  dBZ  reflectivity  contours  and  tha  Herman  and  encompassed  an  elongated  region 

streamlines  of  horizontal  winds  at  the  5  km  oriented  SW-NK,  which  is  persllel  to  the  axis 

altitude  are  the  VHF  sources  of  major  flashes  between  the  centers  of  the  50  dBZ  cores 

occurring  at  all  altitudes  as  indicated  in  within  the  shading  and  the  major  axis  of  the 

Fig.  10.  Tha  radar  sector  scan  extended  from  shaded  area  containing  50  percent  of  the  VHF 
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Figure  10.  Plan  view  of  VHP  soruoes  of  major 
flaehea  at  all  altitudes  superposed  onto  the 
40  (long  daehed  lines)  and  SO  (short  dashed 
lines)  dBZ  reflectivity  aontours  and  hori- 
sontal  wind  streamlines  at  5  km  altitude. 

The  total  shaded  area  contains  BOX  of  all 
mapped  sources ,  while  SOX  are  within  the 
darker  shading. 
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Figure  11.  Plan  view  of  VHP  sources  of  minor 
flashes  at  all  altitudes  superposed  onto  the 
10  (long  dashed  lines)  and  20  (short  daehed 
lines)  dBZ  reflectivity  aontours  and  hori- 
sontal  wind  streamlines  at  12  km  altitude. 
The  total  shaded  areas  contain  BOX  of  all 
mapped  soui'ces,  while  BOX  are  within  the 
darker  shading. 


sources,  Updraft  spaed  we a  between  10  and 
20  ■•a--*-  at  thi*  level,  but  exceeded  20  n-a”1 
above  6  km  altitude. 

Thla  atom  complex  waa  actually  composed 
of  two  high  reflectivity  regions  whose  cantara 
were  separated  by  about  10  km.  He  refer  to 
them  ae  cell  A  containing  the  lightning  activ¬ 
ity  auu  cell  B  located  to  the  southeast  of  the 
other  call  and  containing  no  lightning  during 
thla  period.  Cell  A  at  thla  5  km  altitude 
ahowa  three  areas  of  50  dBZ  reflectivity.  At 
lower  altitudes,  these  areas  merged  into  a 
single  larger  50  dBZ  core.  The  central  50  dBZ 
reflectivity  core  continued  upward  to  9  km 
altitude  as  a  single  50  dBZ  core  and  thence  to 
14  km  aa  a  aingle  20  dBZ  core.  Very  little 
vertical  shear  In  the  horliontal  wind  waa 
found  In  the  structure  of  this  cell.  A  line 
running  vertically  through  the  core  centers  at 
each  kilometer  interval  would  have  to  deviate 
horizontally  only  2  km  between  ground  and 
14  km  altitude.  Cell  B  contained  only  40  dBZ 
reflectivity  at  very  low  altitudes,  became  a 
single  50  dBZ  core  from  2  km  through  6  km, 
split  Into  two  50  dBZ  cores  at  7  km,  extended 
up  to  about  10  km  aa  dual  40  dBZ  cores,  and 
became  unidentifiable  at  higher  altitudes. 

A  quantitative  description  of  Cell  A  at 
the  5  km  altitude  In  the  Storm  I  complex 
indicates  the  three  small  areas  where  the 


reflectivity  la  >50  dBZ  totaled  about  19  km2, 
and  the  area  of  reflectivity  >40  dBZ  totaled 
180  km2.  Twenty-five  percent  of  the  VHF 
sources  was  within  the  >50  dBZ  reflectivity 
areas.  The  VHF  source  density  within  the 
>50  dBZ  areas  was  three  times  greater  than 
that  In  the  £40  dBZ  area  which  contained 
85  percent  of  the  sources.  The  darkly 
shaded  portion  In  Fig.  10  containing  half  the 
VHF  sources  covered  an  area  of  30  km2  and 
produced  a  source  density  twice  that  found  in 
the  total  shaded  area  covering  94  km2. 

Minor  flashes  at  all  altitudes  are 
superposed  onto  the  10  and  30  dBZ  reflectivity 
contours  and  streamlines  of  horlxontal  winds 
at  13  km  In  Fig.  11.  The  plsn  view  distribu¬ 
tion  of  minor  flash  sources  was  very  patchy 
and  distributed  over  a  much  larger  total  area 
than  for  the  major  flashes.  When  we  tried  to 
represent  the  main  electrically  active  raglon 
by  again  eliminating  20  percent  of  the  swat 
widely  scattered  sources,  no  single  region  of 
conentration  was  found.  Therefore,  thirteen 
separate  areas  that  contain  80  percent  of  the 
sources  are  shown  in  Fig.  11.  Fifty  percent 
of  the  sources  is  contained  in  the  two  darker 
shaded  areas. 

Although  lightning  sources  from  these 
minor  flashes  seam  to  be  scattered  around  the 
center  of  the  30  dBZ  core  of  the  storm,  the 
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sources  are  not  well  aligned  w  >  r h  the  30  dBZ 
contour  and  many  sources  are  in  regions  where  the 
reflectivity  is  less  than  10  dBZ.  It  seems  more 
likely,  therefore,  that  the  sources  are  closely 
allied  with  the  divergent,  outflowing  winds  at 
the  top  of  the  storm  as  indicated  by  the  stream¬ 
lines.  There  may  be  also  a  slight  tendency  for 
source  generation  near  regions  of  interaction 
between  convective  cells,  such  as  the  confluent 
zone  between  outflow  from  storm  I  and  storm  II  in 
the  lower  left  corner  of  Fig.  11  (in  a  region 
along  a  line  from  coordinates  -4  and  33  km  to  -9 
and  46  km) . 

Additional  quantitative  information  about 
Storm  I  at  the  13  km  altitude  indicates  the  areas 
of  reflectivity  >30  dBZ  and  >10  dBZ  were,  respec¬ 
tively,  78  km2  and  364  km2.  Thirty-three  percent 
of  the  VHF  sources  was  observed  in  the  >30  dBZ 
reflectivity  area  and  67  percent  was  in  the 
>10  dBZ  reflectivity  with  corresponding  VHF 
source  density  ratios  betwoen  the  regions  of 
about  2 1 1 . 

During  succeeding  observational  periods,  in 
storm  I,  relationships  between  lightning  and 
radar  derived  structural  parameters  continued 
similarly  to  that  Just  described.  After  about 
2228,  Cell  A  decreased  in  lightning  activity  and 
Cell  B  became  more  active. 

Now,  in  more  general  terms,  we  examine 
the  other  three  storms.  The  data  for  the  early 
stage  of  storm  II  ara  not  complete  because  some 
of  the  storm  structure  was  outside  the  sector 
scans  of  the  Doppler  radars  and  for  the  late 
stage  some  of  the  lightning  activity  occurred 
outside  the  VHF  mapping  sector  limits.  Never¬ 
theless,  enough  of  the  main  reflectivity  region 
and  the  central  portions  of  lightning  activity 
was  observed  to  conclude  that  the  relationships 
between  lightning  and  storm  structure  were  similar 
to  that  in  storm  I.  Vertical  shear  in  the  storm 
structure  wee  again  found  to  ba  vary  small. 

Storm  II  was  also  multicellular,  having  two  or 
three  cells  varying  from  6-10  km  apart  depending 
on  the  altitude  and  time  of  obsarvation.  The 
cell  cores  were  >50  dBZ  and  generally  only  10  dBZ 
greater  in  reflectivity  then  the  background 
I  region  in  which  they  were  imbedded.  Major 

I  flashes  were  associated  with  the  central  area  of 

the  cells.  Minor  flashes  at  high  altitude  were 
located  in  the  divergent  horiiontal  winds  out- 
I  flowing  toward  the  east  from  updrafts  associated 

j  with  reflectivity  maxima. 

The  firet  lightning  activity  in  storm  III 
was  not  distributed  around  the  main  50  dBZ 
|  reflectivity  region  but  displaced  downwind  end  to 

j  the  north.  A  small  40  dBZ  cell  developed  about 

j  6  km  north  of  the  main  reflectivity  core.  While 

I  the  main  cell  moved  southeastward  at  9  m-s-*, 

;  the  newly  formed  small  cell  moved  northeastward 

|  at  15  m-e-1.  The  updraft  speed  in  the  smell  cell 

i  was  only  10  m-s-1  as  compared  with  35  m’s“l  for 

I  the  main  cell.  The  small  cell  structure  was 

j  evident  only  below  about  7  km.  The  major  flashes 

.  at  low  levels  were  located  near  the  cure  of  the 

small  cell,  where  the  VHF  sources  wars  very 
denae,  and  between  the  two  cells,  where  the 
sources  were  dispersed  over  a  slightly  larger 
i 

i 


region.  Minor  flashes  were  consistently  located 
in  the  divergent  horizontal  winds  in  the  upper 
part  of  the  main  cell,  but  only  in  the  outflow 
region  toward  the  northeast,  which  was  above  and 
to  the  east  of  the  small  cell. 

The  smell  cell  never  penetrated  upper  levels 
of  the  reflectivity  complex  in  storm  III.  Maximum 
reflectivity  in  this  cell  was  only  40  dBZ  and  the 
core  of  reflectivity  leaned  at  an  angle  of  about 
30°  toward  the  east.  The  large  cell  attained  a 
maximum  reflectivity  in  excess  of  60  dBZ.  The 
core  of  the  cell  tilted  toward  the  southwest  with 
a  maximum  inclination  of  45°  between  3-8  km 
heights  and  a  total  tilt  from  ground  to  top  of 
about  20*. 

Relationships  between  lightning  activity  and 
storm  structure  in  storm  IV  esnnot  clearly  be 
defined  aa  yet  because  the  synthesis  of  radar 
data  has  not  been  completed.  But  from  the  anal¬ 
ysis  of  radar  scans  obtained  at  the  beginning  of 
the  storm  and  during  the  period  2337-2343,  we  can 
see  that  this  storm  was  comprised  of  three  or 
four  cells  with  8-16  km  separation  between  cores. 
Major  flash  sources  tended  to  concentrate  near 
large,  high  reflectivity  cores,  in  regions  where 
the  horizontal  winds  were  converging  and  between 
the  smaller  cells  that  were  only  well  defined  at 
low  altitudes.  Minor  flashes  tended  to  concentrate 
over  the  main  core  of  the  storm  complex,  sround 
the  center  of  the  divergent  horiiontal  winds  in 
the  upper  part  of  the  storm,  and  generally  toward 
the  east  in  the  stronger  outflowing  winds. 

Summary  and  Conclusions 

We  have  analyzed  the  VHF  mapping  and  dual 
Doppler  radar  data  for  four  atorms  occurring  in 
Oklahoma  during  an  approximate  two  hour  period  on 
19  June  1980.  VHF  source  altitudes  as  a  function 
of  time  show  the  altitude  characteristics  of 
major  and  minor  flashes  as  the  storms  evolve. 
First-time  data  show  considerable  lightning 
activity  to  16  km  altitude  in  storms.  The  low 
occurrence  rates  of  major  fleshes  in  these  storms 
aid  in  characterizing  the  minor  flashes.  Altitude 
distributions  of  mapped  VHF  sources  show  blmodal 
structure,  with  minor  flashes  occupying  the 
h'.ghnr  altitude  mode  and  major  flashes  the  lower 
mode. 

Many  strong  similarities  exist  among  the 
four  storms  encompassed  in  this  work,  although 
Important  differences  are  also  evident.  Strong 
gust  fronts  vere  reported  from  storms  I  and 
II,  and  large  nail  and  damaging  winds  ware  ob¬ 
served  from  storms  III  end  IV.  A  single,  high 
reflectivity  core  in  oxceso  of  50  dBZ  usually 
dominated  each  storm,  but  multicellular  structure 
was  also  apparent.  Although  these  storms  were 
relatively  small,  they  were  all  classified  as 
severe. 

Lightning  characteristics  were  very  similar 
In  terms  of  flashing  rate,  altitude  distribution, 
and  relationship  with  storm  structures.  We  feel 
confident,  therefore,  that  these  storms  are 
typical  of  relatively  small  nonsevere  and  margin¬ 
ally  severe  thunderstorms  found  in  the  Great 
Plains  area  of  the  United  States. 
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Our  major  conclusions  are:  1)  There  is  a 
class  of  small  IC  flashes  that  produces  a  splat¬ 
tering  of  VHP  sources  in  a  large  canopy  over  the 
main  electrically  active  region  of  a  storm  to  an 
altitude  of  16  km  or  more.  2)  The  minor  flashes 
produce  almost  a  continuum  of  lightning  activity 
centered  at  11-13  km  altitude  and  have  no  apparent 
temporal  association  with  the  major  flashes 
sporadically  occurring  in  the  lower  portions  of 
storms.  3)  Major  flashes  concentrate  within  or 
near  to  high  reflectivity  regions  at  mid  levels 
in  a  storm,,  4)  Major  flash  activity  is  centered 
at  4-6  km  altitude  and  seldom  produces  sources 
above  10  km  altitude,  5)  Structure  in  the 
altitude-time  distribution  of  VHP  sources  sug¬ 
gests  that  lightning  activity  may  ba  closely 
associated  with  upward  and  downward  convective 
plumes  and  tends  to  avoid  a  region  between  about 
8-10  km  altitude  that  closely  corresponds  with  an 
environmental  temperature  of  about  -30°C.  6)  The 

locations  of  VHP  sources  indicate  lightning 
activity  may  concentrate  either  in  a  single  high 
reflectivity  region,  between  two  high  reflectivity 
cells,  in  divergent  horizontal  winds  in  the  upper 
part  of  a  storm,  or  in  regions  of  horizontal  wind 
interaction  between  cells. 

We  have  shown  that  in  some  storms  comparable 
lightning  activity,  as  measured  by  the  number  of 
VHF  sources,  can  occur  in  the  upper  regions  of  a 
storm  and  at  low  altitudes.  Since  each  VHF 
source  results  from  a  radio  signal  produced  by  a 
change  in  the  vertical  current  moment  of  some 
lightning  process,  we  may  have  a  means  to  esti¬ 
mate  the  electric  current  budget  of  a  storm 
through  VHF  observations.  The  high  altitude 
lightning  may  be  the  manifestation  of  processes 
coupling  the  charge  in  the  upper  portion  of  a 
storm  to  the  atmosphere.  The  discharge  mechanism 
involved  remains  to  be  determined.  Other  aspects 
of  high  altitude  lightning  yet  to  be  determined 
involve  the  chemical  compounds  produced  by  the 
lightning  and  injected  into  the  upper  troposphere 
and  lower  stratosphere,  the  impairment  to  detecting 
CG  flashes  from  space  and  the  hazard  to  aircraft 
operating  in  the  upper  portion  of  storms. 
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We  have  used  a  number  of  systems  to  study  relationships  between  lightning  and 
and  other  storm  parameters.  Instrumentation  Includes  a  system  for  locating  cioud-to- 
ground  lightning  strike  points,  an  acoustic  lightning  mapper  and  a  VHF  (30-80  MHz) 
lightning  mapper  to  study  the  structure  and  location  of  lightning,  and  S-band  radar 
to  provide  other  storm  data.  Several  characteristics  of  the  reconstructed  lightning 
have  been  relatively  constant:  (1)  lightning  structure  is  usually  predominately 
horizontal;  (2)  lightning  tends  to  occur  preferentially  In  certain  altitude  ranges 
that  are  only  a  few  kilometers  thick  and  above  the  0*C  isotherm;  (3)  it  tends  to 
occur  near,  but  not  necessarily  Inside,  cores  of  high  reflectivity  C'l*15  dBZ),  and  it 
often  connects  with  regions  of  relatively  weak  reflectivity  downstream  from  stronger 
reflectivity  and  updraft  cores.  Other  relationships  are  also  discussed.,. 
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INTRODUCTION 

Several  techniques  have  been  used  to  locate 
various  segments  of  a  lightning  flash.  Krider 
et  al.  (1)*  located  the  strike  point  of  a  cloud- 
to-ground  flash  by  direction  finding  from  the 
Initial  rise  In  the  magnetic  field  change  pro¬ 
duced  by  lightning.  Krehblel  et  al.  (2)  located 
equivalent  charge  centers  neu trail zed  by  ground 
flashes.  Szymanskl  and  Rust  (3)  employed  radar 
to  locate  lightning  echoes  within  a  stationary 
radar  beam. 


paper,  we  present  an  overview  of  our  study  of 
relationships  between  lightning  and  storm  struc¬ 
ture  and  kinematics  In  several  storms,  A  case 
history  of  a  different  group  of  storms  that 
occurred  consecutively  on  one  day  Is  presented 
by  one  of  the  authors  In  another  paper  at  this 
conference. 


INSTRUMENTATION 
Colorado  Storm. 


More  detailed  lightning  structure  has  beer, 
provided  by  acoustic  and  VHF  techniques  for  map¬ 
ping  lightning.  Few  (4)  and  Few  and  Teer  (5)  map 
lightning  structure  from  thunder  recorded  by  an 
array  of  microphones  with  baselines  of  30-100  m. 
Proctor  (6)  uses  an  array  of  antennas  separated 
10-15  km  for  mapping  lightning  from  Its  VHF  radi¬ 
ation.  Lhermitte  and  Krehblel  (7)  also  used  a 
large  array  (the  LDAR  system  at  Kennedy  Space 
Center)  to  map  lightning  from  VHF  radiation. 
Taylor  (8)  uses  an  array  of  antennas  separated 
by  13.7  m  to  determine  the  azimuth  and  elevation 
of  VHF  signals;  two  arrays  were  used  to  deter¬ 
mine  the  three  dimensional  location  of  the  source 
of  a  signal  by  triangulation. 

We  have  used  three  of  these  location  tech¬ 
niques  to  study  lightning  in  Colorado  and  Okla¬ 
homa:  the  direction  finding  technique  for 
locating  ground  strikes  and  the  acoustic  and 
VHF  techniques  for  mapping  lightning  structure. 
Data  are  also  available  from  S-band  radar  to 
correlate  with  the  lightning  data.  In  this 


A  detailed  analysis  of  the  Colorado  storm 
has  been  presented  by  MacGorman  (9)  and 
MacGorman  et  al.  (10).  Lightning  flashes  from 
this  storm  were  mapped  using  the  acoustic  tech¬ 
nique  described  by  Few  (4)  and  Few  and  Teer  (5). 
The  direction  of  arrival  of  a  thunder  Impulse  at 
an  array  of  microphones  Is  determined  by  the 
propagation  time  between  microphones,  measured 
to  an  accuracy  of  1  ms  using  a  cross-correlation 
analysis.  The  acoustic  ray  defined  by  this 
direction  is  then  retraced  through  the  atmosphere 
to  Its  source.  Range  to  the  source  Is  determined 
from  the  propagation  time  between  occurrence  of 
the  lightning,  detected  by  Its  electric  field 
change,  and  arrival  of  the  thunder  Impulse  at  the 
array.  Source  locations  are  computed  from  all 
processes  In  a  lightning  flash  that  produces 
analyzable  thunder  at  the  array.  However,  since 
acoustic  propagation  time  Is  long  compared  to 
the  duration  of  lightning,  the  relative  times  at 
which  different  acoustic  sources  were  generated 
by  a  lightning  flash  are  not  determined  In  the 
acoustic  analysis. 


♦Numbers  In  parentheses  designate  references  at 
the  end  of  the  paper. 


Radar  reflectivity  data  for  the  Colorado 
storm  were  obtained  from  a  narrow  beam,  10.7  cm 
radar  operated  approximately  50  km  from  our  site 


Fig u>m  1 .  NSSL  lightning  ground  Atnike  locating 
Ay A  turn.  The  location  oft  each  of  the  fousi  Ata- 
tionA  iA  indicated  by  a  black  Aquatic,  The  baAe- 
UneA  that  axe  indicated  by  Aotld  black  lineA 
nange  ifwin  10  km  to  110  km.  Shading  denoteA  the 
nominal  a/iea  covertage  of  the  AyAtem. 


by  the  National  Center  for  Atmospheric  Research 
(NCAR)  as  part  of  the  National  Hall  Research 
Experiment,  During  the  sumner  that  the  acoustic 
experiment  was  In  Colorado,  radar  data  was  col¬ 
lected  by  scanning  rapidly  In  azimuth  while  the 
elevation  angle  was  slowly  Increased,  Scanning 
through  the  storm  usually  required  5-6  minutes 
In  the  case  we  studied, 

Oklahoma  Storms. 

The  VHF  technique  employed  In  Oklahoma  uses 
two  arrays  of  antennas  separated  by  42  km  to  map 
lightning  from  VHF  radiation  In  the  30-80  MHz 
band.  At  each  array,  fast  logic  circuitry  meas¬ 
ures  the  azimuth  and  elevation  angles  of  a  VHF 
Impulse  to  an  accuracy  of  0.5°.  Later  computer 
analysis  Identifies  corresponding  Impulses  at 
the  two  arrays  and  triangulates  to  locate  sources 
In  three  dimensions.  This  technique  Is  discussed 
In  detail  by  Taylor  (8). 

In  addition  to  the  VHF  mapping  system,  the 
National  Severe  Storms  Laboratory  (NSSL)  has 
also  operated  a  direction  finding  system  (1)  for 
locating  lightning  ground  strikes.  Four  stations 
are  connected  to  a  central  processor  as  shown  In 
Figure  1.  Each  station  Includes  a  crossed-loop 
antenna,  electric  field  antenna,  and  microproc¬ 
essor,  which  are  used  to  reject  Intracloud 
lightning,  determine  the  direction  to  a  light¬ 
ning  strike,  and  transmit  the  strike  data  to  a 
central  processor  at  NSSL.  When  the  central 
processor  receives  coincident  data  from  two  or 
more  stations.  It  triangulates  to  locate  the 
strike  points  and  records  the  data  on  magnetic 
tape.  All  four  stations  have  been  modified  to 
locate  ground  flashes  that  lower  positive  charge 
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F igusie  ?.  The  vertical  diA.tnibution  oft  light¬ 
ning  lociiti,onA  in  each  0,5  km  incsiement  of 
height,  (a)  AcouAtic  aousuczA  one  fnom  thtntxj- 
ftioe.  ligktnl,ng  flaAhcA  dusting  a  Atom  in  Colo¬ 
rado  on  2!i  July  1 972.  The  0°C  iAotheAm  meoAurted 
by  AoundingA  in  clean,  ain  um  at  apM.oxi.wat.elij 
3.5  km  above  gnound  level  and  5.0  km  M Si.  (/>)  VHF 
AounceA  cxe  ftiom  fort. t.y-too  flaAkeA  dusting  a  Atom 
in  Oklahoma  on  1  June  19  H,  The  0° C  -Lao them 
at  apprtoximately  4  km  above  astound  level,  and 
4.4  km  NSL. 


In  addition  to  those  that  lower  negative  charge. 
We  currently  are  evaluating  the  performance  of 
the  modification. 

Radar  data  for  the  Oklahoma  storms  were 
obtained  with  one  or  both  of  the  two  Doppler 
radars  operated  by  NSSL  and  co-located  with  the 
VHF  lightning  mapping  sites.  Each  radar  has  a 
0.8°  beumwidth  and  operates  in  the  S-band 
(10.5  cm  wavelength  for  one  and  11.0  cm  for  the 
other).  Radar  data  were  collected  by  scanning 
in  azimuth  at  a  constant  elevation  and  stepping 
through  a  series  of  elevation  angles.  A  series 
of  scans  through  a  storm  was  normally  completed 
within  five  minutes. 


LIGHTNING  AND  STORM  DATA 
Lightning  geometry. 

The  acoustic  and  VHF  mapping  techniques 
locate  points  on  lightning  channels  from  differ¬ 
ent  properties  of  the  lightning,  so  there  may  be 
systematic  differences  In  the  reconstructed 
lightning  structure  from  each,  In  our  limited 
sample,  however,  several  characteristics  of  light¬ 
ning  have  appeared  similar  in  maps  from  both 
techniques.  For  example,  reconstructed  lightning 
structure  has  been  predominantly  horizontal.  A 
visual  oxamlnation  of  reconstructed  Intracloud 
structure  shows  that  the  horizontal  extent  Is 
usually  larger  than  the  vertical  extent;  predom¬ 
inantly  vertical  discharges,  such  as  one  might 
expect  between  two  localized  charged  regions  in 
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a  vertical  dipole,  have  been  the  exception  rather 
than  the  rule.  Predominantly  horizontal  struc¬ 
ture  has  also  been  observed  by  acoustic  and  VHF 
techniques  in  several  other  storms,  as  reported 
by  Proctor  (11),  Taylor  (8),  Bohannon  (12),  Winn 
et  a) .  (13),  and  Teer  and  Few  (14).  However, 
tTie  acoustical  ly  reconstructed  structure  of 
lightning  was  primarily  vertical  in  a  small 
storm  investigated  by  Christian  et  al.  (15). 

In  addition  to  being  predominantly  hori¬ 
zontal,  lightning  flashes  during  the  10-30  min 
periods  we  studied  tended  to  cluster  about  pre¬ 
ferred  altitudes  that  were  above  the  0°  C  iso¬ 
therm.  Figure  2  shows  the  vertical  distribution 
of  computed  sources  in  two  storms.  The  peak  in 
both  distributions  occurs  near  5.5  km  MSL,  which 
is  above  the  0°  C  isotherm  in  the  two  storms. 

The  thickness  of  the  di s tr ib<  »ns  at  half  the 
maximum  number  of  sources  is  .  *m  and  4  km, 
respectively,  for  the  distributions  shown  in 
Figures  2a  and  2b.  A  thickness  of  2-4  km  at 
half  maximum  is  typical  of  the  storms  we  have 
observed.  Using  a  different  lightning  mapping 
technique,  Krehbiel  et  al.  (2)  also  observed 
stratification:  the~equivalent  negative  charge 
neutralized  by  cloud-to-ground  lightning  in  one 
storm  was  stratified  between  environmental  tem¬ 
peratures  of  -9°C  and  -17°C.  MacGorman  et  al . 
(10)  report  on  three  other  storms  in  different 
geographic  regions  in  which  the  vertical  distri¬ 
bution  of  lightning  had  two  peaks,  each  with  a 
vertical  thickness  at  half  maximum  of  2-4  km. 
Taylor  (16)  reports  a  similar  bimodal  distribu¬ 
tion  in  four  Oklahoma  storms  he  has  recently 
analyzed. 

Cloud-to-ground  lightning  in  tornadic  storms. 

A  number  of  observers  have  reported  that 
cloud-to-ground  lightning  appeared  to  be  sup¬ 
pressed  during  tornadoes,  e.g.,  (17)  and  (18). 
Most  of  trose  reports  have  been  subjective,  but 
Gunn  (IS  :  ported  a  lack  of  ground  flashes  in 
electric  Id  recordings  made  near  the 
Blackwell-Udall  tornado.  More  recently,  Orville 
(20)  reported  that  a  medium  range  ground  strike 
locating  system  in  central  Oklahoma  located 
little  ground  strike  activity  near  the  Lawton 
tornado  of  10  April  1979,  but  located  consider¬ 
able  activity  in  other  parts  of  the  storm  that 
were  about  the  same  range  from  the  locating 
system  as  the  tornado.  We  have  analylzed  ground 
strike  data  from  22  May  1981,  when  there  was  an 
outbreak  of  tornadoes  within  our  ground  strike 
locating  network  in  Oklahoma.  We  have  concen¬ 
trated  thus  far  on  i  tornado  that  occurred  from 
1852-1927  CST  near  Binger,  Oklahoma,  and  was  the 
severest  tornado  to  occur  on  that  day  (F4  on  the 
Fujita  scele,  which  ranges  from  F0  to  F5). 

Figure  3  shows  variations  in  the  lightning 
ground  strike  rates  for  each  5  min  period  during 
the  active  lifetime  of  the  storm.  Included  in 
the  histogram  are  all  strikes  that  were  located 
anywhere  in  the  storm,  which  had  horizontal 
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Figune  3.  Ugkt.HA.ng  ground  itniku  ion  each  5  men. 
peniod  in  a  ton.na.dic.  itonm  on  22  May  1981.  The 
bow  beneath  the  time  line  indicate  time  of,  ton- 
nadoei.  Each  tonnado  i&  tab  cited  with  iti  Fujita 
icate  noting,  whi.ch  nanget  ihom  F0  ion  tight  dam¬ 
age  to  F5  ion  heaviest  damage.  The  ihaded  middle 
tnace  indicate a  total  numben  oi  ilcuihe&,  including 
both,  poiitive  and  negative  ilaika. 


dimensions  of  40-60  km  on  the  radar  display. 

There  were  several  tornadoes  of  varying  severity 
in  this  storm.  No  obvious  suppression  of  light¬ 
ning  ground  strikes  is  characteristic  of  torna¬ 
does  in  the  histogram.  A  significant  decrease  in 
the  ground  flash  rate  occurred  during  the  F2  tor¬ 
nado,  but  there  was  a  significant  increase  during 
the  F4,  Binger  tornado.  The  average  number  of 
strokes  per  flash  did  increase,  however,  between 
2010-2100  CST,  after  the  tornadic  stage  ended. 

The  fraction  of  flashes  that  lower  positive 
charge  was  generally  larger  before  and  during 
tornadoes,  although  the  positive  flash  rate 
increased  somewhat  after  the  tornadic  stage 
ended. 

Since  most  of  the  earlier  reports  had  been 
near  tornadoes,  we  also  analyzed  the  data  by 
restricting  the  area  of  interest  to  the  vicinity 
of  the  largest  tornado.  We  compared  the  ground 
strike  rate  variations  with  the  strength  of  the 
mesocyclone  (the  parent  circulation  of  tornadoes 
within  the  storm),  as  measured  by  cyclonic  shear 
in  the  horizontal  wind  at  the  6  km  level.  Fig¬ 
ure  4  shows  the  resulting  histogram,  which 
includes  only  strikes  within  10  km  of  the  meso¬ 
cyclone  center.  The  ground  strike  rate  is  lower 
as  cyclonic  shear  in  the  mesocyclone  increases 
due  to  stronger  ro.ation,  and  the  rate  increases 
when  the  cyclonic  shear  decreases.  Again  in  this 
case,  the  fraction  of  flashes  lowering  positive 
charge  was  largest  before  and  during  the  tornado, 
and  the  number  of  strokes  per  flash  increased 
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Figure  4.  Lightning  A-trike  Mil  character¬ 
istics  versus  cyclonic.  shear  at  the  6  km  level 
{or  the  Atom  that  pmducid  the  Ringed  tornado. 
Cyclonic  Aherr  rnA  calculated  {rom  the  azimuthal 
A  hear  In  the  Alngh  Doppler  radial  windA  ion.  the 
mesocyclone,  which  has.  a  characteristic  horizon¬ 
tal  dimension  o{  a  {ew  kilometers.  The  dashed 
line  in  the  bottom  trace  indicateA  cyclonic 
Ahean.  on  the  tornadic  scale,  usually  1  few.  The 
top  histogram  gives  lightning  A  trike  rate  char¬ 
acteristics.  Solid  bars  denote  p osltlve  cloud- 
to- ground  {Inshes.  Shading  denoteA  total  number, 
oi  ground  {lashes,  Including  both  negative  and 
poAltlve  ilaAhtA.  The  top  trace  on  the  histo¬ 
gram  IndicateA  number  oi  Atrokes, 
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Figure  5.  Diurnal  variation  In  number  oi  poAl¬ 
tlve  ground  {lashes  during  July  J9S2.  The  lop 
histogram  AhouiA  the  total  hourly  count  {or  all 
ground  strikes,  both  poAltlve  and  negative, 
during  July,  the  lower  histogram  AhouiA  the 
{Motion  o{  these  that  are  poAltlve. 

I 

after  the  tornado  ended  and  the  mesocyclone  was 
dissipating. 

Diurnal  variation  of  positive  ground  flashes. 

As  discussed  In  more  detail  by  Rust  et  al . 
(21)  at  this  conference,  cloud-t,o~cloud  Tlght- 
nlng  flashes  that  lower  positive  charge  to  ground 
may  be  more  hazardous  than  the  usual  flashes  that 
lower  negative  charge;  they  may  have  larger  peak 
currents,  have  currents  of  longer  average  dura¬ 
tion,  and  occur  In  regions  of  storms  where  one 
would  normally  expect  few.  If  any,  lightning 
strikes.  To  understand  better  the  condi tl or. s 
under  which  positive  ground  flashes  occi  we 
examined  the  diurnal  variation  of  pos'tiv 
strikes  located  by  our  ground  strike  1  cati.ig 
system.  Shown  in  Figure  5  Is  lightning  1  Ike 
data  for  the  month  of  July  1982.  The  to^  .isto- 
gram,  variations  In  the  total  hourly  count  of 
ground  strikes  of  both  polarities,  Is  about  what 
one  would  expect  from  the  diurnal  variation  In 
the  convective  growth  of  storms  during  July  in 
Oklahoma.  The  pattern  of  the  diurnal  variation 
in  the  fraction  of  flashes  that  are  p-**«U1ve, 


shown  In  the  lower  histogram,  is  similar  to  the 
variation  In  total  lightning  strikes,  but  the 
minimum  is  broader  and  the  peak  occurs  2-3  hr 
later  In  the  evening.  This  Indicates  that  con¬ 
ditions  In  July  are  more  conducive  to  positive 
ground  flashes  later  in  the  life  of  storm 
systems. 

Lightning  location  relative  to  storm  structure. 

In  three  storms  for  which  wa  have  radar  and 
lightning  mapping  data,  lightning  was  usually 
closely  associated  with  regions  of  sustained  high 
reflectivity.  Part  of  the  reconstructed  struc¬ 
ture  of  a  flash  was  often  near  these  regions  of 
high  reflectivity,  but  In  two  storms,  It  tended 
to  avoid  the  cores  of  strongest  reflectivity 
(greater  than  45-50  dBZ).  Lightning  often 
stretched  from  near  these  cores  to  an  area  with 
reflectivities  of  less  than  30  dBZ.  As  new 
regions  of  high  reflectivity  formed,  a  region 
of  lightning  activity  also  formed  near  the  new 
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Figure  6.  Acoustically  reconstructed  Structure 
frr  a  Lightning  {huh  at  1720:2$  fountain  Stan¬ 
dard  lime.  (MST)  superimposed  on  kadar  reflec¬ 
tivity  contours  from  a  Colorado  storm  on 
25  July  1912.  Computed  thunder,  sources  with 
heights  4. 5-5.5  fern  are  plotted  as 
sources  at  other  heights  are  not  shown,  Kadar 
reflectivity  contours,  labeled  in  dBZ  and  shown 
at  a  height  0$  5.0  km,  are  derived  from  a  series 
0(5  radar  scans  at  1711-1725  MST. 


reflectivity  core.  An  example  of  a  lightning 
flash  occurring  near,  but  not  inside  a  high- 
reflectivity  core  is  shown  in  Figure  6  from  a 
Colorado  storm.  In  the  35  flashes  mapped  from 
this  Colorado  storm,  there  were  very  few  thunder 
sources  located  in  reflectivities  higher  than 
45  dBZ  and  none  located  in  reflectivities  higher 
than  50  dBZ.  Since  the  fraction  of  the  storm 
having  reflectivities  higher  than  45  dBZ  was 
also  small,  this  observation  is  significant 
primarily  in  suggesting  that  high  reflectivity 
cores  are  not  the  preferred  location  for  light¬ 
ning  that  some  theories  of  storm  electrification 
would  lead  us  to  expect. 

With  Doppler  radar  data  available  for  the 
Oklahoma  storms,  we  were  able  to  relate  the 
location  of  lightning  with  the  measured  winds 
within  the  storm.  In  a  storm  on  1  June  1978, 
the  reconstructed  locations  of  VHF  sources 
tended  to  be  concentrated  In  and  near  regions 
of  cyclonic  shear  deduced  from  single  Doppler 
measurements,  as  shown  in  Figure  7.  These 
regions  were  Inferred  to  be  in  the  vicinity  of 
updrafts  from  the  reflectivity  structure  of  the 
storm  and  from  the  cyclonic  shear  signature  (22). 

For  a  storm  on  6  June  1979,  dual  Doppler 
radar  data  were  used  to  derive  estimates  of  all 
three  components  of  wind.  As  shown  In  the 
example  in  Figure  8,  the  reconstructed  VHF 
source  locations  in  this  storm  tended  to  occur 
in  regions  of  weak  updraft  (<10  m/s)  and  were 
also  often  adjacent  to  regions  of  downdraft. 
Regions  having  vertical  updraft  velocities 
greater  than  10  m/s  were  south  and  southeast  of 


Figure.  7.  VHF  source  locations  lor  a  { (lash,  at 
1515:36  CST  superimposed  on  radial  Voppler 
velocity  contours  {,rom  an  Oklahoma  storm  on 
1  June  1971.  Velocity  data  are  shown  in  m/s  at 
a  height  of  4.5  km  from  a  series  of  radar  scans 
at  1512-1519  CST.  Positive  velocities  indicate 
radial  motion  outward  l ram  the  origin.  Each 
is  the  plan  location  oj(  a  VHF  source  calculated 
to  be  4-5  km  above  ground  by  the  mapping  analysis . 
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PiguAe  8.  VHP  AouA.ee.  loe/itionA  6oa  a  filoAh  at 
1640:18  CST  Aupe/uurpoAed  on  AxtdaA.  data  fiAom  an 
Oklahoma  &  to  Am  on  6  June  1979.  RadaA.  data  axe 
■ihown  at  a  height  ofi  6.5  km  iaam  a  AeAieA  oi 
nadaA  AeanA  at  1630-1633  CST.  C ontouA  ItneA 
indieate  Ae^leoti.vit-y  In  dSl .  Aaaom  ii\dicate 
AtAeamlineA  in  the  horizontal  viind  alter  Atom 
tnotion  iA  AubtAaeted.  Votted  Ahading  indicate 
aAeoA  0(5  domdAafa.  (mo  A  tty  <5m /aI.  Striped 
Ahading  indicates  OAeaA  having  updAaltA  greater 
than  10  m/A,  the  aematning  area  otf  the  f ligwie 
haA  updrafts  Oi5  <10  m/A.  Each  ealauZated  VHP 
AouA.ee  location  6-7  km  above  ground  ii  plotted 
a a  "+". 


the  lightning.  A'. ter  storm  motion  was  subtracted 
from  the  horizontal  wind,  horizontal  streamlines 
at  the  level  of  the  lightning  generally  flowed 
from  the  reflectivity  cores  and  strong  updrafts 
back  toward  the  lightning. 


DISCUSSION  AND  SUMMARY 

While  the  number  of  storms  for  which  light¬ 
ning  mapping  data  have  been  analyzed  Is  still 
relatively  small,  It  has  been  consistently 
observed  that  lightning  tends  to  be  stratified 
above  the  0°  C  Isotherm,  occurring  most  fre¬ 
quently  wIiMn  a  2-4  km  thick  layer.  Further¬ 
more,  light,  ,ng  has  tended  to  occur  near  cores 
of  high  reflectivity  (545  dF.Z),  often  v;onnect1ng 
with  regions  of  relatively  weak  reflectivity  (In 
‘  some  cases  20  dCZ  or  less).  However,  there  has 
been  some  variation  In  the  details  of  the  loca¬ 
tion  of  lightning  relative  to  reflectivity  cores. 
In  two  of  the  storms  presented  In  this  paper, 
reconstructed  lightning  was  clearly  outside,  uut 


near,  the  cores,  but  in  other  reports  (7  and  16), 
It  was  concentrated  In  and  around  higher  reflec¬ 
tivities.  There  have  also  been  some  differences 
in  the  preponderance  of  horizontal  or  vertical 
lightning  structure.  While  most  of  the  lightning 
we  have  observed  and  much  of  the  lightning 
observed  elsewhere  (e.g.,  8,  11,  12,  and  14)  have 
been  predominantly  horizontal,  vertical  lightning 
does  occur  and  can  dominate  the  activity  of  some 
storms  (15). 

There  have  been  only  three  storm  studies  that 
included  both  lightning  mapping  data  and  dual  Dop¬ 
pler  synthesis  of  the  three-dimensional  wind 
field:  the  one  presented  In  this  paper,  Taylor 
et  al .  (8),  and  Lhermitte  and  Krehblel  (7).  In 
both  the  Oklahoma  studies,  lightning  tended  to 
occur  In  regions  of  weak  updraft.  Lhermitte  and 
Krehbiel  (7)  concentrated  on  the  initial  VHF 
source  located  for  each  flash.  They  found  that 
Initial  VHF  sources  tended  to  occur  above  reflec¬ 
tivity  cores  and  were  In  the  upper  part  of  the 
main  updraft  and  in  adjacent  regions  on  the 
upshear  side  of  the  updraft  where  there  was  an 
upper  level  downdraft.  It  was  also  reported 
that  many  of  the  VHF  sources  occurred  In  the 
anvil,  where  vertical  velocities  should  be  weak. 

In  tornadic  storms,  we  have  found  relatively 
few  cloud-to-ground  flashes  In  the  vicinity  of 
tornadoes.  When  lightning  strikes  from  the  whole 
storm  were  considered,  however,  there  was  no 
obvious  relationship  between  flash  rates  and  tor¬ 
nadoes.  It  is  Interesting  that  before  and  during 
tornadoes  the  fraction  of  ground  flashes  lowering 
positive  charge  was  higher  and  the  average  number 
of  strokes  per  flash  was  lower.  More  data  Is 
needed  to  determine  whether  these  tendencies  are 
sufficiently  regular  and  Identifiable  to  be  useful 
aids  for  tornado  warnings.  Mora  analysis  Is  also 
needed  to  confirm  and  fully  explain  the  tendency 
for  the  positive  ground  flash  rate  to  peak  2  to 
3  hours  later  than  the  total  ground  flash  rate  In 
summer  storms. 

For  aircraft  penetrating  a  thunderstorm,  we 
have  found  that  there  Is  no  region  of  the  storm 
safe  from  lightning,  even  If  we  Ignore  the  possi¬ 
bility  that  aircraft  may  trigger  flashes  where 
none  would  have  occurred  otherwise.  As  discussed 
by  Rust  et  al.  (21),  we  have  seen  lightning  even 
In  the  anvils  of  storms,  tens  of  kilometers  from 
reflectivity  cores.  Furthermore,  there  Is  con¬ 
siderable  variability  In  the  features  of  storms 
associated  with  the  most  concentrated  lightning. 

It  may  be  possible,  however,  to  learn  to  Identify 
regions  of  &  storm  where  the  probability  of  strikes 
to  aircraft  is  low  or  where  lightning  Is  less  dam¬ 
aging,  such  as,  possibly,  the  upper  region  of  minor 
discharges  discussed  by  Taylor  et  al.  (16). 
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ABSTRACT 

A  key  element  for  any  successful  and  cost-effective  lightning  protection 
design  Is  an  accurate  estimate  of  the  frequency  of  direct  lightning  strikes  to 
ground.  For  example,  an  effective  protection  system  for  an  electric  power 
transmission  line  In  Florida  (an  area  of  high  lightning  Incidence)  would  be 
far  too  costly  and  not  necessary  for  an  area  such  as  California  (an  area  of 
low  lightning  Incidence).  In  order  to  estimate  the  frequency  of  lightning 
strikes  the  local  area  density  of  lightning  flashes  to  ground,  l.e.  the  num¬ 
ber  of  strikes  per  unit  area  per  month  or  per  year,  must  be  known.  In  the  USA, 
ground  flash  density  Is  often  assumed  to  be  a  relatively  simple  function  of  the 
mean  number  of  thunderstorm  days  per  month  or  per  year.  Many  design  handbooks 
give  formulas  which  relate  ground  flash  density  to  thunderstorm  days,  but  no 
formula  Is  generally  accepted  as  standard.  All  too  often,  the  actual  lightning 
strike  incidence  Is  considerably  different  from  the  lightning  strike  projactions 
based  on  the  thunderstorm  day  statistics,  The  resulting  over  or  under  design 
of  Ugh.,  -<ng  protection  systems  ultimately  leads  to  greater  costs. 

Here  we  show  that  the  thunderstorm  duration  statistics  are  a  much  better 
Indicator  of  true  ground  flash  densities  than  the  number  of  thunderstorm  days. 

Maps  of  mean  annual  ground  flash  density  are  presented  which  have  been  inferred 
from  long  term  thunderstorm  duration  observations.  The  thunderstorm  duration 
data  were  obtained  by  the  relatively  dense  network  of  existing  aviation  weather 
reporting  stations.  Approximately  450  stations  are  used,  each  wltn  an  uninter¬ 
rupted  30  year  period  of  record.  The  station  density  available  here  Is  essential¬ 
ly  twice  that  of  any  previous  thunderstorm  frequency  analysis  of  the  United  States. 

Our  analyses  show  that  maximum  annual  ground  flash  densities  of  18,  xm2  are 
found  In  the  western  interior  of  Florida  from  Naples  to  Cross  City.  High  flash 
density  values  (>  12/km2)  are  found  over  much  of  the  Florida  peninsula,  the  Flor¬ 
ida  panhandle,  and  westward  through  the  southern  gulf  states  to  eastern  Texas. 

A  large  area  of  flash  densities  >  8/km2  are  found  over  most  of  Oklahoma,  Kansas, 
Missouri,  Arkansas,  Louisiana,  Mississippi,  and  Tennessee.  High  flash  densities 
(>  8/km2)  In  the  western  states  are  limited  to  south  central  Colorado,  north¬ 
eastern  New  Mexico,  northern  Arizona  and  extreme  southeastern  Arizona.  Pro¬ 
nounced  flash  density  minima  are  found  over  the  southern  half  of  Texas  and  in 
the  southeastern  states  from  central  Alabama  northeastward  through  western 
Virginia.  Most  of  the  western  and  northeastern  states  have  flash  densities 
<  4/km2.  Maps  of  the  95*  and  5X  probability  flash  density  values  are  aisc  pre¬ 
sented.  Verification  of  these  maps  awaits  a  nationwide  direct  measurement  pro¬ 
gram  or  successful  practical  application. 
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ABSTRACT 

Painted  RFC-material  has  beer;  tested  by  ex- 
tremly  high  electrostatic  charging.  Charge  den¬ 
sities  reached  some  hundreds  of  nano;oulombs  per 
square  centimeter  on  thin  surface  layers.  The 
resulting  high  field  strength  In  the  dielectric 
leads  to  an  electric  breakdown  with  or  without 
mechanical  damage  depending  on  material  thickness 
and  the  conductivity  of  any  grounded  layer  next 
to  the  surface. 

The  time-dependent  development  of  the  entire 
local  charge  distribution  was  monitored  by  a  com¬ 
puter-controlled  measuring  system.  In  any  case, 
there  was  little  Influence  of  a  damaged  point  on 
the  discharging  or  recharging  process.^ 

INSULATING  SUPERFICIAL  LAYERS  on  aircraft  parts 
may  cause  electrostatic  problems,  because  they 
are  able  to  store  electrostatic  energy.  If  the 
electric  breakdown  field  strength  of  the  layer  is 
reached,  a  discharge  to  the  metallic  panel  or  the 
conductive  layer  will  occur.  If  the  surface  field 
strength  Is  high  enough  there  will  be  a  flashover 
to  a  grounded  point. 

In  order  to  find  out  whether  a  breakdown 
will  occur  and  how  the  Influences  on  the  charg¬ 
ing  process  are,  several  Rft  samples  were  tested. 
The  base  materials  were  GFW,  CFRP,  and  Aramld, 
covered  with  or  without  a  conductive  layer  and 
different  surface  coatings  of  0.02  to  0.23  mm 
thickness.  Methods  and  results  are  described  In 
this  paper. 

ELECTROSTATIC  CHARGING  OF  A  THIN  LAYER 

CHARGING  OF  SURFACE  IN  FLIGHT  -  A  value  for 
the  maximum  charging  rate  to  an  exposed  surface 
during  o  typical  flight  was  given  by  J.E. 

Nanevlcz  (1)*.  He  reported  a  charging  rate  of 
about  250  pA/m*  at  a  speed  of  490  m/s.  At  higher 
speed,  this  value  may  be  exceeded  (2).  What  hap¬ 
pens  to  an  Insulating  superficial  paint  layer  of 
thickness  d  Is  Illustrated  in  Fig.  1.  The  charge- 
density  a  Increases  linearly  with  time  and  Is 
directly  proportional  to  the  rate  o'  current  I 
per  considered  area  A.  Using  the  value  mentioned 
above,  we  get  eq.  (1): 

,  I  .  25  nC  x  / a\ 

0  7T  *  t  “  — ( 1) 
cm  •  s 

The  field  strength  in  the  insulating  layer  Ei 
•increases  following  eq.  (2): 


r  a 
Ej  *  -r 


*  • 

A«e 


*  Numbers  In  parentheses  designate  References  at 
end  of  paper. 


If  we  assume  a  relative  permittivity  cr  =  5,  the 
rising  rate  of  field  strength  Is 

E1  -  c  kV 

T"56*5cm7s  (3) 

For  this  assumptions,  the  electric  breakdown 
field  strength  E^  of  a  usual  paint  material  will 
be  reached  In  a  few  seconds.  The  electric  energy 
Wp,  stored  In  an  area  A  increases  with  material 
thickness  d  and  follows  eq.  (4): 


For  a  charge  density  of  25  nC/cnr  and  a  thlcknesfc^r 
of  0.02  mm  1 ,4 - 1 0-°  Ws  of  energy  Is  stored  on  a  F— | 
square-centimeter  of  surface,  for  d  ®  0.2  mm  and 
a  =  250  nC/cmz  this  value  increases  to  1,4*10“3  1*^4 
Ws/cm2. 

ARTIFICIAL  CHARGING  -  The  artificial  charg- 
ing  was  done  by  means  of  high  voltage  corona.  The>»^ 
principle  of  the  arrangement  is  shown  In  Fig,  2. 

With  a  charging  voltage  of  up  to  30  kV  It  was  W 
possible  to  create  charging  currents  of  up  to 
250  pA.  As  the  test  samples  had  a  size  of  200  x  (\j 
200  mm,  a  charging  rate  higher  than  under  flight 
conditions  was  possible.  The  test  objects  were  V*'-* 
fit  Into  the  grounded  holder  of  the  charge  dls- 
tribution  measurement  system  to  make  It  possible  (J 
to  start  measurement  Immediately  after  charging 
(5  s)  without  handling  the  sample. 

MEASUREMENT  OF  THE  LOCAL  CHARGE  DISTRIBUTION 
-  The  measurement  of  surface  charges  o  on  an  In¬ 
sulating  layer  has  to  be  done  by  the  static  elec¬ 
tric  field.  The  measuring  system  Is  described 
more  In  detail  In  a  preceding  paper  (3).  The 
relation  between  the  field  strength  E  In  the  air 
gap  a  between  the  probe  and  the  charged  layer, 
and  the  charge  density  a  is  given  by  eq.  5: 

a  =  e0E  O  +  er)  (5) 

It  Is  Important  to  realize  that  high  surface 
charge  densities  may  have  relatively  low  fields 
if  the  measuring  distance  Is  high,  compared  to 
the  thickness  of  the  layer. 

The  principle  of  operation  and  the  perform¬ 
ance  data  of  the  measuring  system  are  shown  In 
Fig.  3.  The  field  strength  in  a  distance  of  1.16 
nm  of  the  charged  Insulator  surface  Is  measured 
by  means  of  an  active  capacitive  probe.  It  is 
mounted  in  a  brass  housing  which  can  be  moved  by 
the  jtffrpping  motors  of  a  plotter  mechanism.  This 
allows  computer-controlled  positioning  of  the 
probe  and  storing  of  the  field  strength  values. 

The  usual  distance  between  two  different 
measuring  positions  was  2  mm  and  the  size  of  the 
test  objects  was  200  x  200  mm.  Thus  10  000  charge 
values  are  collected  during  one  run,  which  takes 
two  minutes.  The  measured  data  are  stored  simul¬ 
taneously  on  magnetic  tape.  The  measuring  program 
and  the  storage  capacity  of  the  tape  allow  up  to 
ten  successive  runs  during  the  discharging  proc¬ 
ess  without  manual  Interaction.  Thus,  the  time- 
dependent  development  of  the  whole  local  charge 
distribution  can  be  monitored. 
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TEST  RESULTS 


DESCRIPTION  OF  TEST-OBJECTS  -  Fig.  4  shows  a 
cross-section  of  the  different  test  sample  lay¬ 
ers.  Two  additional  aluminium  samples,  one  with 
surface  paint  the  other  with  priming  paint,  were 
used  for  comparison.  A  carbon  filled  conductive 
paint  was  used  on  sample  1.2,  2.2,  2.5  and  3.1. 
For  this  material  a  resistance  per  square  mesh  of 
5  to  10  kft  is  given  by  the  manufacturer.  Other 
samples  had  a  conductive  layer  of  aluminium-mesh 
(2.3,  2.4).  A  special  method  of  manufacturing  a 
conductive  layer  was  used  for  sample  3.3.  In  this 
case  some  of  the  fibre-layers  of  the  aramld  mat¬ 
erial  were  treated  with  carbon  powder  resulting 
In  a  resistance  per  square  mesh  of  approx.  100 
Mfl.  The  CFRP  can  be  considered  conductive. 

All  samples  were  metallized  for  qrounding 
on  the  back-side,  any  conductive  layer  was  con¬ 
nected.  The  surfaces  of  the  grounded  layers  are 
marked  In  Fig.  4,  to  make  clear,  that  only  the 
layers  above  can  be  charged  electrostatically. 
Thus  the  Interesting  thickness  of  the  charged 
layer  varies  from  0.02  to  1.43  mm. 

Breakdown  Field  Strength  -  The  electric 
breakdown  field  strength  Ep  o'f  the  Insulating 
layers  was  tested  with  a  sphere  electrode  in 
direct  contact  to  the  surface.  It  was  found  to 
be  in  the  range  of  500  to  1000  kV/cm  for  the 
surface  paint  and  the  priming  paint.  Layers  with 
a  thickness  of  0.23  mm  and  more  (2.1,  3.2,  1.1} 
could  not  be  measured,  as  flashover  occurs  before 
volume  breakdown. 


Specific  Resistivity  -  As  demonstrated  in 
(3)  Interpretation  of  the  time-dependent  develop¬ 


ment  of  the  initial  charge  on  a  surface  gives 
more  meaningful  values  for  the  specific  resist¬ 
ivity  than  conventional  methods.  Assuming  an 
exponential  decay  between  measuring  runs,  it  is 
possible  to  define  a  discharging  time  constant  t: 


t  -  At 
T - 

In  0 

ln^ 


(6) 


At:  time  difference  between  runs 
Q  :  charge  measured  before 
Q°:  measured  charge 

The  specific  resistivity  pv  of  the  charges  layer 
Is  given  by  eq.  7: 


(7) 


If  the  discharging  current  flows  mainly  through 
the  Insulator  volume.  The  values  were  In  the 
range  of  some  10*4  ncm  to  some  10*6  ncm  rising 
with  time. 

LOCAL  CHARGE  DISTRIBUTION  AT  DIFFERENT 
CHARGING  VOLTAGES 

Charging  below  Breakdown  -  Fig.  5  shows  a 
typical  charge  distribution  with  a  charging  volt¬ 
age  low  enough  not  te  exceed  the  breakdown  field- 
strength  of  the  charged  layer.  The  charge  distri¬ 
bution  depends  only  on  the  arrangement  of  the 
corona  needles.  The  discharging  process  appears 
to  be  uniform  over  the  entire  surface,  there  is 


no  significant  Influence  of  the  earthed  rim. 

That  means  the  main  part  of  the  discharging 
current  is  flowing  through  the  volume  of  the 
insulating  layers  and  not  across  the  surface. 

Charging  above  Breakdown  -  Fig.  6  shows  a 
typical  charge  distribution  with  several  points 
of  electrical  breakdown.  The  charge  distribution 
is  dependent  now  on  the  limitation  of  charge  den¬ 
sity  due  to  the  material.  The  tested  samples  were 
able  to  store  up  to  240  nC/cm2  on  the  surface 
coating.  Using  eq.  (2)  this  means  a  field 
strength  In  the  Insulator  of  540  kV/cm.  This  Is 
in  good  agreement  with  the  measurements  of  break¬ 
down  field  strength.  Nearly  each  one  of  the 
samples  had  some  points  of  damage  due  to  electric 
discharge  of  a  limited  area  Into  this  point.  The 
size  of  this  area  varied  between  less  than  1  cm2 
and  up  to  50  cm2.  As  the  spark  energy  of  equally 
charged  layers  is  increasing  with  the  thickness, 
the  thin  samples  had  a  lot  of  hardly  visible 
small  holes  with  less  than  0.1  nm  diameter, 
caused  by  a  spark  energy  of  about  0.1  mWs. 

Charged  layers  with  a  thickness  in  the  range  of 
0.13  to  0,23  mm  showed  holes  of  up  to  0.7  mm 
diameter,  caused  by  energies  of  about  10  mWs. 

Four  effects  of  discharging  were  observed: 

1.  Charge  limitation  due  to  breakdown  field 
strength,  no  visible  holes.  This  'soft'  break¬ 
down  was  the  only  effect  observed  on  sample 
3.3  with  a  conductive  layer  of  very  high 
resistivity.  Apparently  in  this  case  the  local 
discharge  energy  was  always  low  enough,  not  to 
make  any  damage  to  the  paint  layer. 

2.  Micrgdlscharges  of  a  very  small  area  of  about 

1  cm2,  small  hardly  visible  holes  of  less  than 
0.1  im  diameter.  This  effect  was  observed  on 
all  samples  with  a  thickness  below  0.20  mm, 
except  sample  3.3.  The  related  energy  Is  about 
0.1  mWs,  the  charge  about  200  pC. 

3.  Surface  streamer,  discharging  a  certain  por¬ 
tion  of  the  charged  surface  (about  50  cm2  at 
the  sample  size  of  200  x  200  mm  and  the  used 
charging  method),  visible  holes  of  up  to  0.7 
mm  diameter.  This  effect  was  observed  on  some 
samples  with  a  thickness  above  0.13  mm.  It  is 
related  to  a  charge  of  some  microcoulombs  and 
an  energy  above  10  mWs. 

4.  Flashover  across  the  surface  occurs  on  layers 
of  relatively  high  thickness.  For  this  reason 
sample  1.1  and  3.2  could  not  be  charged  to 
their  volume  breakdown  voltage. 

Most  of  the  points  of  discharge,  that  can  be 
localized  in  Fig.  6  are  due  to  microdischarges. 
One  point  at  x  ■  107  mm,  y  -  47  mm  is  a  point  of 
damage  due  to  an  observed  surface  streamer.  As  it 
Is  not  easy  to  determine  the  exact  location  of  it 
from  the  three-dimensional  graphic  presentation, 
Fig.  7  shows  the  same  charge  distribution  with 
lines  of  equal  field  strength.  In  addition,  the 
measured  field  strength  at  y  *  47  mm  is  plotted 
together  with  a  picture  of  the  damaged  surface 
paint.  It  is  remarkable  that  only  the  nearest 
vicinity  of  t.he  punctured  hole  remained 
uncharged.  This  influence  is  even  smaller  for 
points  of  microdischarges. 


TIME-DEPENDENT  DEVELOPMENT  OF  THE  SURFACE 
CHARGE  -  The  digital  storage  of  all  measured 
data  allows  evaluation  of  Interesting  data  such 
as  total  surface  charge  Q,  maximum  charge  densi¬ 
ty  9,  discharging  time  constant  t,  and  volume 
resistivity  py.  These  values  are  plotted  versus 
time  in  Fig.  8  for  two  different  samples,  one 
with  low  charging  voltage  and  no  breakdown  of 
the  surface  layer,  the  other  with  higher  charging 
voltage  and  local  points  of  electrical  breakdown. 

There  Is  no  significant  difference  between 
the  discharging  curves,  just  the  absolute  values 
are  greater  for  the  high  charging  voltage.  The 
time  dependent  development  of  the  material  con¬ 
stants  t  and  pv  are  nearly  Identical .  These  facts 
were  true  for  all  measured  samples.  There  is  only 
a  limited  Influence  of  a  damaged  point  on  the 
discharging  process  of  the  entire  surface. 

SUMMARY 

Electrostatic  charging  of  thin  Insulating 
superficial  paint  layers  applied  on  the  conduc¬ 
tive  structure,  lightning  or  p-statlc  protection 
system  of  aircraft  parts  can  lead  to  mechanical 
damage  due  to  electrical  breakdown.  For  layers 
of  less  than  approx.  0.25  mm  thickness  the  ef¬ 
fects  can  be  tested  on  small  samples  of  the 
interesting  material. 

The  energy  of  the  discharge  and  conse¬ 
quently  the  resulting  damage  Is  Increasing  with: 

1.  The  breakdown  field  strength  of  the  paint, 

2.  The  thickness  of  the  insulating  layer,, 

3.  The  conductivity  of  the  conductive  layer  next 
to  the  surface. 

In  any  case,  there  was  little  Influence  of 
a  damaged  point  on  the  discharging  or  recharging 
process  of  the  entire  surface.  The  graphic  pres¬ 
entation  of  charge  distribution  showed  that  only 
the  nearest  vicinity  of  a  punctured  hole  re¬ 
mained  uncharged. 

Interpretation  of  the  time-dependent  devel¬ 
opment  of  the  Initial  local  charge  distribution 
gave  values  for  the  specific  resistivity  In  the 
range  of  some  lO1^  to  some  1016  ncm.  These  values 
seem  to  be  more  meaningful  than  the  results  of 
conventional  methods  and  are  much  too  high  to 
prevent  electrostatic  charging. 

CONCLUSIONS 

To  prevent  electrostatic  charging  of  the 
protective  paint  layer,  the  paint  should  have 
a  true  volume  resistivity  of  less  than  10'"  ficm 
resulting  in  a  discharging  time  constant  of 
0.01  s.  A  way  to  keep  the  stored  energy  low 
could  be  to  reduce  the  electric  breakdown  field 
strength  of  the  paint. 

A  conductive  layer  for  pure  p-statlc  pro¬ 
tection  should  not  be  of  high  conductivity.  It 
Is  sufficient  to  keep  the  resistance  per  square 
mesh  In  the  range  of  100  Mil  to  gain  a  good 
damping  of  discharge  currents. 
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Fig.  8  -  Discharging  curves  of  two  different 
samples: 

A:  Sample  Z.1,  d  =  0.23  mm,  charging 
voltage  +  10  kV  (see  Fig.  5) 

B:  Sample  2.3,  d  =>  0.18  mm,  charging 
voltage  +  30  kV  (see  Fig.  6) 

Q:  Total  surface  charge 
9:  Maximum  charge  density 
t:  Discharging  time  constant 
pv:Volume  resistivity  derived  from  t 
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RELATIVE  IMPORTANCE  OF  ELECTROMAGNETIC  SHIELD  VIOLATIONS 


W.  Graf,  J.  Hamm,  E,  F.  Vance 
SRI  International,  Menlo  Park,  California 


ABSTRACT 


In  the  topological  approach  to  hardening  systems  against  lightning, 
a  barrier  that  is  effectively  Impervious  to  electromagnetic  energy  is 
placed  between  the  source  of  interference  and  the  system  to  be  protected. 
To  be  impervious,  the  barrier  must  form  a  topologically  closed  surface. 
The  ideal  barrier  can  never  be  achieved  in  practice,  but  it  1b  not 
itecessary.  The  three  categories  of  compromise  are,  in  order  to  impor¬ 
tance,  penei  rati  ais,  apertures,  and  diffusion.  Diffusion  is  almost 
always  negligible  (unless  the  metal  walls  consist  of  foils) ,  and  wire 
penetrati  <ns  are  almost  always  by  far  the  worst  compromise.  Thus,  an 
otherwise  excellent  barrier  may  be  compromised  by  one  untreated  pene¬ 
tration.  The  compromioe  may  go  undetected  until  a  major  portion  of  the 
lightning  current  flows  on  the  barrier  near  the  compromise.  At  that 
time,  it  will  become  quite  evident  that  the  barrier  is  not  sufficiently 
impervious  to  electromagnetic  energy.  Lightning,  from  an  interference 
point  of  view,  is  a  broadband  electromagnetic  phenomenon,  and  therefore 
practices  that  are  adequate  at  low  frequencies  or  dc  will  not  be  satis¬ 
factory  for  lightning  protection.  Examples  of  such  practices  include 
cable  shields  terminated  in  pigtails,  grounding  conductor  penetrations, 
and  apertures  with  a  wire  penetration.  We  have  performed  several  simple 
laboratory  experiments  to  demonstrate  quantitatively  the  effects  of 
those  practices  .y.  The  experiments  lead  to  the  conclusion  that  the 
simple  compromised mentioned  above  limit  the  effectiveness  of  the 
barrier  by  many  orahys  of  magnitude.  That  is,  although  the  ideal 
barrier  cannot  be  achieved,  the  practical  barrier  can  be  improved 
substantially  by  avoiding  the  most  obvious  compromises.  The  topologi¬ 
cal  approach  provides  simple  guidance  to  identify  the  compromises  in 
an  otherwise  closed  barrier. 


LIGHTNING  CAN  BE  one  of  the  most  harsh  sources 
of  transient  interference.  The  severe  direct 
strike,  while  rare,  produces  large  electro¬ 
magnetic  stresses  on  the  outer  levels  of  the 
system  in  the  form  of  large  charge  and  current 
densities  and  large  induction  fields.  If 
lightning  attaches  to  exposed  conductors  such  as 
power  or  signal  cables  or  antenna  wires, 
extremely  large  currents  are  driven  into  the 
system  on  these  conductor  i.  The  effects  of 
lightning  are  awesome,  and  elements  of  systems 
that  are  valuable  because  of  cost,  need,  or 
other  measure  of  value  must  be  protected  from 
the  stresses  of  lightning.  In  this  paper,  we 
discuss  the  effects  of  lightning  on  internal 
circuits  or  equipment;  we  will  not  discuss  the 
blast  and  heating  phenomena  that  occur  at  the. 
exterior  attach  point  of  a  direct  strike. 

Protection  against  the  electromagnetic 
effects  of  lightning  may  be  thought  of  as 
establishing  an  electromagnetic  harrier  between 
the  lightning  and  the  protected  space. This 
barrier  must  be  sufficiently  impervious  to  waves 
propagating  through  space  and  to  waves 
propagating  along  conductors  (e.g.,  wires  and 
cables).  A  truly  impervious  barrier  could  be 
made  with  a  closed,  perfectly  conducting 
surface,  but  in  order  to  use  the  protected  space 
we  must  usually  compromise  the  conducting 
surface  by  passing  power  and  signal  cables 
through  it  and  by  perforating  it  to  allow  heat 
dissipation,  etc.  In  addition,  it  is 
impractical  .to  make  aircraft  skins  and  equipment 
cases  from  superconducting  materials — 
impractical  and  unnecessary,  since  the  shielding 
properties  of  practical  shields  are  usually 
limited  by  the  penetrating  conductor  and 
aperture  compromises  rather  than  by  the  finite 
conductivity  of  the  shield  material.  In  this 
paper,  we  will  discuss  the  relative  Importance 
of  the  compromises  and  discuss  some  practical 
bounds  on  the  amount  of  protection  needed  —  we 
will  explain  what  is  meant  by  "sufficiently 
impervious." 

BARRIER  ELEMENTS 

Consider  first  a  closed  shield  made  of  thin, 
finitely  conducting  metal  (e.g.,  aluminum).  It 
can  be  shown  that  the  maximum  open-circuit 
voltage  induced  on  a  wire  inside  a  10~m  diameter 
spherical  aluminum  shell,  0.5  mm  thick,  by  a 
20-kA  direct  strike  (entering  one  pole  and 
leaving  the  other)  is  about  2  or  3  V.  The  exact 
value  depends  on  the  decay  time  assumed  for 
lightning  and  on  the  contact  spot/size  assumed 
for  lightning  attachment  (see  Appendix;  for  a 
1-cm  diameter  spot  size,  the  induced  voltage  is 
1.8  V  if  the  exponential  decay  time  constant  is 
10  ys;  2.8  V  is  induced  if  the  decay  time 
constant  is  much  larger  than  10  ys.  If  the  spot 
diameter  is  reduced  to  2  nan,  the  induced  voltage 


^Numbers  in  parentheses  designate  References  at 
end  of  paper. 


increases  by  about  20X).  In  all  of  these  cases, 
it  has  been  assumed  that  the  aluminum  shell 
remained  intact  (i.e.,  the  stroke  did  not  melt 
out  a  hole).  Furthermore,  the  rise  time  of  the 
induced  voltage  is  about  3  ys,  even  if  a  zero 
rise  time  atrike  current  ia  impressed  on  the 
exterior  of  the  shield. 

Thus  the  closed,  thin  aluminum  shield 
reduces  the  lightning  transient  to  a  small, 
slowly  varying  voltage  induced  on  a  large 
internal  circuit.  Since  systems  frequently 
generate  transients  larger  than  those  Induced  by 
lightning,  a  closed,  thin  aluminum  shield  would 
adequately  protect  most  interior  circuits  and 
equipment.  In  practice,  however,  the  shield  is 
not  closed.  An  all-aluminum  aircraft  skin,  for 
example,  has  inperfections  such  as  wiring  for 
external  lights  and  cables  in  some  exposed  areas 
such  as  wings  and  radomes,  and  windows,  doors, 
joints,  and  other  apertures  that  can  seriously 
compromise  the  skin  as  an  electromagnetic  shield 
against  lightning. 

Suppose,  for  example,  that  lightning 
attaches  to  the  wiring  on  a  navigation  light  on 
the  wing  tip  or  on  the  radar  In  the  nose.  These 
wires  or  cables  are  routed  to  the  interior  of 
the  aircraft;  hence,  lightning  current  delivered 
to  these  wires  can  propagate  through  the  shield 
without  attenuation  unless  a  filter  or  other 
Burge  limiter  is  installed.  The  filter  or  surge 
limiter  thus  behaves  as  the  barrier  element  for 
the  penetrating  v.r<*;  it  may  be  considered  to 
close  the  shield  about  tha  wire  (out-of-band  for 
the  filter  or  above  a  threshold  for  the 
nonlinear  aurge  arrester),  or  it  may  be  viewed 
as  a  barrier  to  currents  propagating  on  the 
wire.  Without  the  barrier  element,  however,  it 
ia  apparent  that  the  penetrating  wire  is  a  0-dB 
compromise  of  the  shield  —  the  trire  current 
(hence  the  magnetic  field)  Is  the  same  inside 
the  shield  as  it  is  outside  the  shield,  as 
illustrated  In  Figure  1.  The  barrier  element,  a 
filter  or  nonlinear  surge  limiter,  prevents  most 
of  the  exterior  wire  current  from  entering  the 
protected  volume. 

Evidently,  the  imperfect  conductivity  of  the 
shield  material  is  not  a  very  important 
compromise  unless  the  conductivity  is  quite  poor 
(e.g.,  bare  graphite-epoxy  composite),  or  the 
shield  is  very  thin  (foil),  or  slowly  varying 
(low-frequency)  interior  magnetic  fields  are 
important.  On  the  other  hand,  conductors  that 
penetrate  the  shield  are  very  severe  (0-dB) 
compromises.  Somewhere  in  between,  are 
apertures  such  as  windows,  doors,  riveted 
joints,  etc.  The  effects  of  apertures  are 
discussed  in  a  companion  paper. Here  we  will 
merely  observe  that  the  coupling  through  an 
aperture  to  interior  circuits  depends  on 
aperture  size,  external  current  density,  and 
internal  circuit  proximity  to  the  aperture.  We 
will  also  give  an  example  of  coupling  to  an 


Internal  wire  in  the  10-m  diameter  spherical 
shell. 

For  a  circular  aperture  of  radius  r  In  a 
flat  surface  (or  a  surface  whose  radlus°of 
curvature  is  much  greater  than  r  ),  the  open 
circuit  voltage  Induced  on  a  wir?  crossing  the 
aperture  is(3; 


where  J  Is  the  current  density  that  would  be 
present  If  the  aperture  i.  re  covered  with  a 
perfect  conductor,  and  p  is  the  permeability  of 
vacuum  (or  air).  The  InSuced  voltage  is 
greatest  for  the  rapidly  changing  (high- 
frequency)  current  density,  where,  as  it  will  be 
recalled,  the  shield  excluded  the  fast  changing 
part  of  the  lightning  transient  and  allowed  only 
the  slowly  varying  fields  to  diffuse  through  the 
wall. 

If  the  circular  aperture  Is  90  degrees  from 
the  stroke  attack  point  on  the  10-m  diameter 
sphere,  as  illustrated  in  Figure  2  for  aperture 
number  1,  a  rate  of  riae  of  2  x  10*°  A/a  will 
Induce  about  18  V  in  a  wire  crossing  Just  behind 
a  30-cm  diameter  aperture.  As  the  aperture  is 
moved  closer  to  the  stroke  attach  point,  ihe 
current  deualty  and  the  induced  voltage 
increase.  When  the  center  of  the  aperture  is  3 
aperture  radii  (45  cm)  from  the  stroke  attach 
point,  the  induced  voltage  is  about  200  V.  If 
the  interior  wire  is  moved  away  from  the 
aperture,  or  if  the  aperture  is  subdivided  into 
many  small  apertures,  the  Induced  voltage  is 
reduced. 

Thus,  although  the  voltage  induced  in  the 
internal  circuit  through  an  aperture  is 
significant,  its  effect  is  much  smaller  than  the 
penetrating  wire  or  cubic,  where  the  voltage  Is 
limited  only  by  the  insulation  strength  of  the 
wire.  In  addition,  only  the  low  energy  leading 
edge  of  the  transient  is  effective  in  inducing 
voltagen  through  apertures,  whereas  the  entire 
transient  is  carried  through  the  wall  on  an 
Insulated  penetrating  conductor.  Finally,  small 
apertures  do  not  individually  permit  much 
interaction  between  the  shield  currents  and 
interior  circuits.  Thus,  for  example,  the 
discontinuities  at  riveted  Joints  do  not  account 
for  large  aperture  coup] lng  —  the  ohmic 
resistance  of  the  Joints  is  often  more  important 
than  the  aperture  leakage. 

However,  a  large  number  of  small  apertures 
can  allow  significant  voltages  to  be  induced  in 
Internal  circuits.  From  the  formula  above,  one 
hundred  3-cm  diameter  apertures  (all  aligned 
wivh  the  internal  wire)  would  have  the  same 
effect  as  the  one  30-cm  diameter  aperture  (if 
the  same  current  density  existed  at  each 
aperture).  One  hundred  3-ca  apertures  has  the 
same  area  as  or  >  30-cm  aperture;  hence  the 
advantage  of  subdividing  large  apertures  is  not 
evident  in  this  case.  This  is  because  it  was 
assumed  that  the  hundred  small  apertures  were  In 
a  roTi  along  the  wire  path  so  that  the  wire  was 


maximally  coupled  to  each  small  aperture.  When 
a  large  aperture  is  subdivided  into  n  small 
apertures,  this  situation  does  not  occur. 

Instead,  only  one  row,  containing  roughly 
AT  small  apertures ,  Is  maximally  coupled  to  the 
wire,  so  that  the  coupling  through  the 
suv*Ivided  aperture  is  roughly  t/AC  times  the 
coupling  through  the  one  large  aperture. 
Subdivision  is  therefore  an  effective  means  of 
improving  the  barrier  in  apurtures  such  as 
ventilation  and  natural  lighting  openings. 

Converting  the  apertures  into  waveguides 
beyond  cutoff  is  even  more  effective  than 
subdividing,  but  it  requires  considerable  space 
on  one  side  of  the  shield  or  the  other.  It  la 
more  common  to  subdivide  and  use  waveguide 
beyond  cutoff  on  the  smaller  aperture;  this 
requires  less  space,  since  a  small  opening 
requires  only  a  short  waveguide.  Thus,  the 
effective  barrier  elements  for  apertures  are 
perforated  sheet,  wire  mesh  (if  the  wire 
crossings  are  in  good  contact),  and  waveguides 
beyond  cutoff. 

The  complete  electromagnetic  barrier  la  thus 
composed  of  shielding  material  (metal  sheet  or 
plate),  wire  and  cable  elements  such  as  filters, 
surge  limiters,  isolators,  and  aperture 
treatments  such  as  waveguide  beyond  cutoff  or 
perforated  sheet,  A  shield  without  the 
complement  of  wire  and  aperture  barriers  may 
offer  little  protection  against  large  electro¬ 
magnetic  sources  such  as  lightning.  Conversely, 
filters,  surge  limiters,  etc.,  installed  on 
wires  without  a  shield  (or  without  adequate 
bonding  to  the  shield)  may  not  be  very 
effective,  because  these  devices  cannot  exclude 
all  of  the  electromagnetic  field  guided  by  the 
wire.  Therefore,  the  wire  treatments  are 
essential  for  the  shield  to  perform  well ,  and 
the  shield  is  essential  for  the  wire  treatments 
to  function  properly,  large  apertures,  or  large 
numbers  of  small  apertures,  can  also  degrade  the 
performance  of  a  shield  or  barrier.  Hence, 
attention  must  also  be  given  to  apertures.  In 
this  regard,  it  ia  noteworthy  that  screens  or 
meshes  are  in  reality  large  collections  of 
apertures;  hence  "shields"  made  of  open  mesh 
tend  to  be  very  leaky  at  high  frequencies. 

COMMON  BARRIER  VIOLATIONS 

As  noted  above,  the  most  serious  violation 
of  the  barrier  is  the  insulated  penetrating 
conductor,  since  it  carries  exterior  electro¬ 
magnetic  waves  directly  into  the  protected 
space.  Equipment  designers  who  are  oerloue 
about  controlling  transient  interference  may  use 
line  filters  on  power  leads  and  balanced 
circuits  with  high  common-mode  rejection,  or 
some  other  effective  barrier  element,  on  the 
signal  lead*.  Hov.evar,  it  is  surprising  bow 
often  systems  designers  violate  the  shield  with 
penetrating  conductors.  This  may  be  because  the 
four  barrier  shapes  illustrated  in  Figure  3  are 
not  recognized  as  being  topologically  the  sane — 
each  one  Is  simply  e  closed  surface  separating 
the  Interior  from  the  exterior.  Hence,  St  is 


not  unusual  to  see  the  cable  shield  opened  so 
that  the  core  conductors  exit  one  part  of  the 
shield  and  reenter  another  part  of  the  shield* 
Sooe  of  these  are  Illustrated  in  Figure  4. 

We  performed  some  simple  experiments  to 
demonstrate  the  effectiveness  of  topological 
cable  shield  terminations.  The  frequency  range 
of  the  experiments  was  chosen  to  reflect  the 
broadband  nature  of  many  transient  Interference 
sources,  as  discussed  In  the  previous  sections. 

Two  small  instrumentation  boxes,  made  of 
diecast  aluminum,  were  separated  by  a  distance 
of  2  a.  Each  contained  a  simple  "circuit” 
(Figure  5a)  consisting  of  a  resistor  equal  to 
the  characteristic  impedance  of  the  coaxial 
cable  (RG62/U)  used  to  connect  the  two  boxes. 

Box  No.  1,  on  the  left  in  the  figure,  was 
driven  with  current  Ij^  by  a  50  fl  source. 

Box  No.  2  was  considered  to  be  the  receiving 
unit,  and  current  was  measured  with  a 
Textronlx  CT-1  current  probe.  Note  that  Box 
No.  1  was  Insulated  from  the  ground  plane,  while 
Box  No.  2  was  connected  to  it. 

In  practical  cases,  both  boxes  would  be 
connected  to  the  ground  plane.  A  varying 
magnetic  field  produced  by  an  Interfering  source 
then  would  induce  an  ernf  and,  therefore,  a 
current  in  the  loop  formed  by  the  cable  shield, 
the  ground  plane,  and  the  shield  terminations. 

If  the  shield  is  not  terminated  at  one  end  to 
interrupt  the  loop  current,  the  same  emf  would 
be  induced  in  the  center  conductor  of  the 
coaxial  cable.  The  setup  In  Figure  5a  is 
equivalent  to  the  practical  case  in  that  the 
teat  source  drives  a  current  directly  on  the 
cable  shield.  Therefore,  any  conclusions  drawn 
from  these  experiments  regarding  shield 
terminations  also  apply  to  the  case  whore 
magnetic  fields  interact  with  the  loop  and 
Induce  a  shield  current. 

We  measured  I2  as  a  function  of  frequency 
from  100  kHz  to  50  MHz.  This  range  is  broad 
enough  to  cover  both  low-frequency  and  high- 
frequency  effects.  (A  few  of  the  measurements 
were  extended  down  to  20  kHz  to  verify 
extrapolation  of  the  data  shown  in  the  figures.) 

The  effects  of  three  different  cable  shield 
terminations  are  shown  in  Figure  5b.  The  ratio 
I2/I^  Pl°tte<*  *-n  decibels  as  a  function  of 
frequency.  Resonance  effects  dominate  above 
10  MHz;  the  data  ahould  be  interpreted  only 
below  that  frequency.  Curve  1,  which  shows  the 
case  for  the  cable  shield  terminated  only  at  the 
source  with  a  10-cm  pigtail,  indicates  that  the 
current  I2  In  the  receiving  circuit  is  equal  to 
the  source  current  1^ .  A  straightforward 
analysis  at  dc  confirms  that  this  is  expected. 
However,  curve  1  implies  only  that  the  shield 
provides  no  electrodynamic  shielding;  the  cable 
shield  still  would  provide  electrost  atic 
protection.  It  Is  clear,  though,  that  such  an 
arrangement  provides  no  protection  against 
interference. 

The  second  case  (curve  2)  involves  pigtails 
at  both  ends  of  the  cable  shield.  Shielding  is 
effective  for  the  length  of  the  cable,  and 
Interference  leak*  Into  the  receiving  circuit 


only  at  the  two  pigtails.  The  slope  of  the 
curve  is  20  dB  per  decade,  which  indicates  that 
the  dominant  effect  is  inductive  coupling  (which 
is  proportional  to  frequency). 

For  the  third  case  (curve  3) ,  BNC  connectors 
were  used.  Only  a  small  dependence  on  frequency 
can  be  seen  (below  10  MHz;  above  that  frequency 
the  resonance  effect  dominates).  This  small 
frequency  dependence  probably  is  caused  by 
leakage  through  the  holes  in  the  braided  shield. 

It  is  instructive  to  compare  curves  2  and  3 
at  various  frequencies.  At  very  low  frequencies 
(extrapolated  to  the  left  in  the  figure),  there 
is  no  difference  between  pigtails  and  BNC 
connectors.  Thus,  if  the  only  concern  is  power 
line  or  other  low  frequencies,  the  shield 
termination  could  be  chosen  according  to 
considerations  other  than  transient  EMI. 

However,  at  100  kHz,  the  peripheral  shield  i 
termination  is  almost  10  dB  better,  and  at  5  MHz 
it  provides  well  over  30  dB  more  attenuation 
than  the  pigtails. 

The  type  of  shield  termination  used  often 
reflects  the  operating  frequency  band  of  the 
circuit  or  systems  involved;  such  considerations 
do  not  account  for  the  possibility  of  high- 
frequency  or  transient  interference,  because 
such  interference  is  considered  to  be  outside 
the  frequency  band  to  which  the  circuit  or 
system  would  normally  respond.  Nevertheless, 
such  a  circuit  can  be  interfered  with  or  even 
damaged  if  the  level  of  interference  is  high 
enough,  as  is  the  case  for  lightning  and  EMP. 

A  similar  set  of  experiments  was  conducted 
with  a  shielded  twisted  pair  replacing  the 
coaxial  cable  (Figure  6a).  In  this  case„  only 
the  shield  terminations  at  the  receiving  end 
were  varied;  at  the  source  end  the  shield  was 
terminated  with  an  rf  connector,  as  shown  in  the 
figure.  Measurements  again  were  taken  over  the 
band  100  kHz  to  50  MHz.  Figure  6b  shows  the 
results  obtained  with  the  various  terminations. 

The  curves  lead  us  to  conclusions  similar  to 
those  discussed  above.  With  no  shield 
termination,  current  I2  is  essentially 
Independent  of  frequency;  pigtails  and  rf 
connectors  are  the  same  at  low  frequencies,  but 
differ  at  high  frequencies.  Note  that  in  the 
first  four  cases  only  the  common-mode  current 
has  been  measured.  Case  No.  5  shows  the 
differential-mode  current  for  a  balanced 
configuration.  The  figure  shows  that  the 
balanced  configuration  offers  more  attenuation 
than  any  other  of  the  practices  shown,  up  to  at 
least  5  MHz  In  this  case.  (In  some  cases,  it 
may  be  difficult  to  balance  a  circuit  at  high 
frequencies.)  At  low  frequencies,  a  balanced 
circuit,  even  without  the  shield  termination, 
offers  20  dB  more  attenuation  than  any  of  the 
unbalanced  cases  with  shield  termination.  The 
poorest  performance  is  obtained  with  an 
unbalanced  load  and  no  shield  termination 
(Case  1).  In  this  case,  the  use  of  a  nhielded 
twisted  pair  provides  no  benefit  (beyond 
electrostatic  protection)  over  the  use  of  a 
single  wire. 
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CONCLUSIONS 

The  moat  severe  compromise  of 
electromagnetic  barriers  la  the  Insulated 
penetrating  conductor.  It  la  also  one  of  the 
more  common  compromises  because  of  the  way 
Interconnecting  cables  and  cable  shields  are 
Installed  and  "grounded.’'  In  addition,  the 
common-mode  rejection  of  a  balanced  pair,  an 
excellent  barrier  technique,  Is  often  foiled  by 
deliberately  unbalancing  the  terminations  by 
grounding  one  side.  We  have  demonstrated  that 
topological  and  electromagnetlcelly  correct 
treatment  of  cable  shields  and  twisted  pairs 
provider  great  Improvement  over  the  Improper 
grounding  schemes  frequently  used.  These 
laboratory  demonstrations  are  consistent  with 
the  effects  estimated  for  simple  geometry  and 
elementary  topology  concepts.  In  general,  the 
cost  of  using  proper  shield  treatments  Is  small- 
to-nll ,  and  the  cost  of  using  balanced,  rather 
than  unbalanced,  grounding  of  balanced  circuits 
is  probably  negligible  once  this  requirement  Is 
Incorporated  into  equipment  specifications.  In 
the  meantime,  the  cost  of  using  a  twisted 
shielded  pair  but  not  beneflttiug  from  its  moat 
Important  characteristic  —  its  common-mode 
rejection  —  Is  probably  substantial. 

APPENDIX-SPHERICAL  SHIELD  ANALYSIS 

A  spherical  metal  shell  of  radius  a  and 
thickness  d  is  assumed  to  have  a  current  I 
flowing  In  one  pole  and  out  the  other,  as 
illustrated  in  Figure  A-l.  The  radius  of  the 
current  attachment  spot  on  the  surface  of  the 
sphere  is  A.  A  wire  attached  to  the  Inside 
surface  of  the  sphere  (behind  the  current  spot) 
runs  along  a  diameter  to  the  opposite  side.  The 
open-circuit  voltage  induced  in  this  wire  Is 
calculated. 

By  analogy  with  cylindrical  shield  thaory, 
the  incremental  transfer  impedance  of  a  ring  of 
shield  ad0  in  length  laW 


where  R#  is  the  do.  resistance  of  a  cylinder  of 
radius  a,  thickness  d,  and  length  1  m. 

The  voltage  induced  on  the  pole-to-pole  wire 
is 

V  -  IZ_  >  I  2»  In  7  R  > 

T  As  slnhyd  ’ 

in  which  R  yd/sinhyd  is  the  transfer  impedance 
of  a  cylindrical  shield  of  radius  a  and 
thickness  d.  The  Induced  voltage  waveforms  have 
been  obtained  for  cylindrical  shields  excited  by 
exponential  current  waves  Hence,  if  we 

assume  an  exponential  lightning  current,  we  can 
infer  the  Induced  voltage  waveforms  from 
Figures  5  snd  6,  Reference  4.  Table  A-l  below 
gives  the  peak  voltage  and  rise  time  (10-90%) 
for  a  20-kA  exponential  current  with  different 
exponential  decay  time  constants,  current 
attachment  spot  size,  and  shield  radius. 
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where  dR  i«  the  dc  resistance  of  the  ring  in  the 
6  direction,  and  y  is  the  propagation  factor  in 
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Two  principal  anomalies  found  in  currant  grounding  practices 
are  discussed:  The  ground  conductor  penetrating  a  shield,  and  a 
grounded  but  open  shield.  Good  grounding  practices  are  simple 
when  viewed  from  the  topological  viewpoint.  A  system  is  divided 
into  different  zones,  each  separated  from  the  other  by  an  electro- 
magnetically  impervious  barrier,  and  each  zone  has  its  own  ground 
system.  Because  lightning  is  a  broadband  phenomenon,  the  separa¬ 
tion  of  the  zones  must  also  be  achieved  over  a  broadband  if  a 
system  is  to  be  protected  against  the  effects  of  lightning.  It 
Is  well  understood  that  aircraft  avionics  systems  do  not  require 
a  connection  to  earth  to  be  protected  against  lightning.  This  In 
much  less  recognized  for  ground  equipment  and  ground  facilities. 
Here,  the  practice  of  connecting  the  signal  reference  ground  to 
the  earth  electrode  has  serious  consequences  (in  the  event  of  a 
lightning  strike)  for  the  equipment  connected  to  it,  unless  the 
ground  rod  has  zero  impedance.  In  the  topological  approach,  such 
a  connection  is  only  permitted  if  the  grounding  conductor  does 
not  penetrate  the  barrier  surfaces  that  separate  the  different 
zones  of  the  system.  Experimental  datr  to  support  this  approach 
are  discussed. 
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WHEN  A  COMPLEX  SYSTEM  such  as  a  new  computer  is 
delivered  to  a  customer,  the  field  engineer 
frequently  spends  one  or  mote  days  working  with 
the  system — moving  grounds  from  place  to  place — 
until  he  comes  up  with  the  magic  arrangement 
that  renders  the  system  self-compatible.  After 
the  first  local  thunderstorm  often  he  must 
return  to  continue  working  his  magic  until  the 
system  also  becomes  hardened  to  externally- 
generated  transients.  Questions  naturally  arise 
as  to  why  ground  connections  should  be  so 
critical  to  the  proper  functioning  of  the  system 
and  why  it  is  so  difficult  to  design  and  install 
the  ground  system  properly  the  first  time. 

In  considering  this  problem,  it  appears  that 
much  of  the  difficulty  is  caused  by  deviating 
from  modern  topological  interference  control 
principles''^)'*  in  the  design  of  the  grounding 
system.  A  consequence  of  the  deviation  is  that 
the  grounding  system  is  thereby  forced  to 
perform  inappropriate  functions  and  to  meet 
standards  almost  impossible  to  achieve. 
Furthermore,  it  appears  that  these  deviations 
frequently  are  a  consequence  of  the  perception 
that  somehow  grounding,  bonding,  and  shielding 
are  intertwined  and  that  together  that 
constitute  the  array  of  techniques  available  to 
the  EMC  engineer.  Actually  the  proper  roles  of 
grounding  and  bonding  hav  little  to  do  with 
interference  control  desig  that  they  should  not 
be  considered  interference  control  tools.  Of 
course,  poor  bonding  or  the  improper  application 
of  grounding  can  compromise  an  otherwise  good 
design.  In  this  paper,  we  will  discuss  topolo¬ 
gical  interference  control  techniques,  the  role 
of  grounding  in  their  application,  and  how 
Improperly  applied  grounding  can  degrade  system 
inununity  to  lightning  and  other  forms  of 
broadband  interference. 

BASIC  TECHNIQUES  AVAILABLE  FOR  INTERFERENCE 
CONTROL 

In  its  most  elementary  form  an  interference 
control  problem  reduces  to  a  source  of 
Interference,  a  potential  victim,  and  the 
intervening  space  and  structure  as  shown  in  Fig. 
1.  If  the  source  can  be  eliminated  or  if  the 
victim  can  be  rendered  immune,  the  problem  ia 
solved.  Generally,  however,  as  in  the  case  of 
lightning,  the  engineer  is  powerless  to  affect 
the  source.  Similarly,  the  sensitivity  of  the 
victim  usually  cannot  be  changed  appreciably. 
Thus,  one  ia  left  with  modification  of  the 
coupling  path  as  the  primary  viable  interference 
control  technique. 

Fig.  2  shows  the  three  general  methods  by 
which  electromagnetic  waves  emanating  from  the 
source  can  be.  prevented  from  coupling  to,  and 
interacting  with,  the  victim! 

(1)  The  separation  between  the  source  and 
victim  is  made  infinite  (Fig.  2a). 

(2)  The  sensitivity  of  the  victim  ip. 


*Numbers  in  parentheses  designate  References  at 
end  of  paper. 


orthogonal  (i.e.,  croas  polarised)  to 
the  source  (Pig.  2b). 

(3)  The  source  and  the  victim  are 

separated  by  an  alectroaagnetlcal ly 
Impervious  barrier  (Pig.  2c). 

All  passive  interference  control  techniques  that 
do  not  operate  directly  on  the  source  rely  on 
one  or  nor*  of  these  atethod*.  Separation  and 
orthogonal list  Ion  can.  In  fact,  be  incorporated 
into  the  barrier  concept.  Therefore,  of  the 
three  listed  concept*,  the  barrier  concept  ia 
the  eoat  fundamental  one,  and  la  the  one  we  will 
consider  here.  (The  Ideal  conditions  listed 
above  are  only  approalnatod  Is  practice,  hut 
this  does  not  detract  f roe  the  ui"[tr  of  these 
concepts  since  perfect  isolation  is  ratelv 
needed . ) 

For  practical  reasons.  It  Is  IowkW  that  the 
barrier  cannot  be  a  closed,  flawless  shield.  In 
general,  the  shields  will  have  inperfect  loos 
such  as  those  illustrated  In  Pig,  3.  The 
penetrating  conductor  guides  waves  to 
interior  of  the  Harriet,  and  the  aperture  snd 
the  joint  in  the  shield  also  allow  excitation  of 
the  Interior. 

Thus,  the  designer  oust  devise  wave  to  close 
off  the  openings  and  twperfect tons  In  the  *Met* 
to  achieve  an  Inpervloua  barrier.  An  rissplr  af 
a  fruitful  way  of  thinking  about  the  probien  Is 
shown  in  Pig.  4.  In  Pig.  4(a),  the  mtrsv 
limiter  In  lta  normal  condition  allows  current 
to  flow  unlnpedad  along  the  penetrating 
conductor  to  tha  protactad  circuit.  If  a  surge 
occurs  that  exceeds  the  threshold  voltage,  the 
surge  arrester  fires  and  closes  the  harrier  •• 
shown  in  Pig.  4(h),  and  diverts  the  surge 
current  to  the  outside  surface  of  the  shield. 
Accordingly,  a  surge  arrester  may  be  thought  of 
as  a  device  that  closea  th#  barrier  when  the 
signal  amplitude  on  a  penetrating  conductor 
exceeds  a  predetermined  level.  Similarly,  a 
filter  may  be  thought  of  as  a  device  that  closes 
the  barrier  at  all  frequencies  outside  the 
passbsnd.  Conceptually,  the  barrier  is  an 
electromagnetlcally  closed  surface  composed  of  a 
number  of  various  elements,  e.g.,  filters,  surge 
limiters,  metal  meshes,  joint  bonds,  etc.,  in 
addition  to  the  metallic  shield. 

The  various  elements  of  a  typical  barrier 
are  shown  in  Fig.  5.  Here,  the  principal 
natural  boundary  of  the  barrier  is  defined  by 
the  metal  case  of  the  system.  Bonding  is 
upplled  at  the  joint,  and  the  circular  opening 
is  filled  with  one  of  several  possible  aperture 
treatments  to  assure  closure  of  the  surface.  An 
appendage  system  is  included  in  the  barrier  by 
connecting  the  two  systems  with  a  closed 
conduit.  The  penetrating  conductor  is  treated 
using  a  filter,  limiter,  and/or  isolator.  It  is 
very  important  to  note  that  the  ground  wire  has 
not  been  allowed  to  penetrate  the  barrier. 
Instead,  the  external  ground  is  connected  to  the 
exterior  of  the  case.  Internal  ground 
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connections  are  returned  to  the  interior  of  the 
case.  in  this  way,  noise  currents  induced  on 
the  external  ground  by  lightning  and  other 
transient  sources  are  not  carried  to  the 
interior  of  the  barrier. 

For  a  number  of  reasons,  it  is  not  desirable 
to  achieve  all  of  the  required  isolation  between 
the  source  and  the  victim  by  means  of  a  single, 
high-performance  barrier,  especially  when 
isolation  of  60  dB  or  greater  is  required. 
Usually,  it  is  preferable  to  use  two  or  more 
less  perfect  barriers  nested  one  Inside  the 
other  as  indicated  in  Fig.  6.  Here,  the  outer 
barrier  is  defined  by  the  skin  of  the 
aircraft.  The  second  barrier  level  ia  the 
equipment  cabinet,  and  the  third  barrier  level 
is  a  shielded  box  within  the  cabinet.  The 
successive  barriers  enclose  progressively  more 
benign  topological  zones  ranging  from  the  harsh 
environment  in  the  untreated  region  of  Zone  0  to 
the  triply-shielded  environment  of  Zone  3. 

Penetrating  conductors  are  treated  at  every 
level,  and  great  care  ia  taken  to  prohibit 
ground  conductora  from  penetrating  barrier 
surfaces. 

GROUNDING  ANOMALIES  AND  THEIR  CONSEQUENCES 

Many  grounding  anosuiilea  and  interference 
problems  result  from  expecting  the  grounding 
system  to  perform  Inappropriate  functions 
substantially  beyond  its  capability.  The 
development  of  grounding  practices  evolved  in 
connection  with  consideration  of  safety  for 
personnel,  equipment,  and  buildlnga.  The 
National  Electric  Code  (NEC)  definition  of 
grounding  is  at  follows: 

"Grounding:  A  conducting  connection, 
whether  intentional  or  acccidental, 
between  an  electric  circuit  or 
equipment  and  the  earth,  or  to  some 
conducting  body  that  serves  in  place 
of  the  earth." 

Note  that  grounding  does  not  necessarily  Involve 
a  connection  t:o  earth.  For  example,  systems  in 
the  aircraft  of  Fig.  6  operate  quite  well  when 
the  aircraft  itt  airborne  and  the  earth 
connection  is  broken  even  when  the  aircraft  is 
struck  by  lightning  and  its  potential  is  raised 
to  millions  of  volts. 

Standard  functions  of  grounding  are  shown  in 
Fig.  7.  By  conducting  away  fault  currents  in 
(a),  the  ground  system  protects  personnel  from 
shock  of  electrocution.  In  (b),  the  ground 
system  prevents  the  accumulation  of  static 
charge  on  elements  of  a  facility  thereby 
avoiding  shock  to  personnel  or  damage  to 
components  that  might  otherwise  be 
overstressed.  Finally,  in  (c),  the  ground 
system  reduces  the  differences  in  potential 
between  the  objects  constituting  a  facility.  It 
should  be  noted  that  these  functions  of  a 
grounding  system  are  achieved  in  the 
topologically  toned  system  of  Fig.  6.  However, 
ground  wires  do  not  cross  topological  zones  but 
are  generated  anew  on  each  side  of  the  barrier. 

Grounding  gradually  began  to  be  associated 


with  the  additional  role  of  interference  control 
sometime  after  World  War  II.  Today  many 
engineers  believe  that  they  can  "ground  out" 
interference.  In  chia  same  context,  they  feel 
that  a  shield  should  be  "grounded"  when,  In  fact 
it  should  be  closed. 

Some  of  these  attitudes  stem  from  certain  of 
the  misconception*  regarding  ground  systems 
illustrated  in  Fig.  8.  In  (a)  we  see  that  the 
ground  system  cannot  be  expected  to  prevent 
potential  rise.  A  practical  ground  system  has  a 
non-zero  impedance  (ohms  or  tens  of  ohms)  ao 
that  the  currents  associated  with  a  lightning 
stroke  will  raise  the  potential  of  the  external 
ground  terminal  to  thousands  of  volts.  Even 
nearby  lightning  produces  substantial  pulses  in 
the  ground  terminal.  Thus,  any  system  whose 
proper  functioning  depends  on  a  zero-impedance 
ground  connection  is  doomed  to  failure.  Such  a 
design  is  also  entirely  inappropriate  because 
the  systems  of  the  aircraft  of  Pig.  6  operate 
perfectly  well  with  an  infinite-impedance  earth 
connection  when  the  aircraft  is  airborne. 

In  Fig.  8(b),  we  note  that  the  ground  system 
cannot  provide  an  infinite  current  sink  for 
noise  signals  originating  within  the  system. 
Here,  again,  the  non-zero  Impedance  of  the 
ground  connection  and  of  the  grounding  system 
wiring  implies  that  noise  currents  within  the 
system  can  generate  substantial  voltages  on  the 
grounding  system. 

Finally,  in  Fig.  8(c),  we  observe  that 
simple  grounding  of  the  source  does  not  control 
interference  at  the  victim.  As  is  discussed  in 
a  comparison  paper the  "grounding"  of 
shields  to  control  interference  i*  better 
considered  as  an  effort  to  "close  the  barrier” 
around  the  victim  system. 

One  of  the  consequences  of  permitting  a 
ground  conductor  to  penetrate  the  barriers 
surrounding  a  system  is  illustrated  in  Fig.  9. 
From  the  foregoing  discussion,  we  note  that  the 
ground  wire  cannot  be  treated  as  a  benign  entity 
capable  of.  extracting  all  of  the  noise  from  s 
system.  Instead,  It  must  be  recognized  as  a 
conductor  that  can  carry  noise  from  the  harsh 
exterior  environment  to  the  interior'  Thu*, 
topologically,  the  penetrating  ground  conductor 
transforms  the  doubly-shielded  volume  Into  an 
unshielded  volume. 

A  further  consequence  of  an  ill-conceived 
grounding  system  is  shown  in  Fig.  10.  Here,  we 
note  that  the  "signal  reference  ground"  has  been 
brought  out  through  one  or  more  layers  of 
shielding  and  connected  to  the  facility  ground 
rod.  Also  connected  to  the  ground  rod  are  the 
power  neutral  (white  wire)  and  the  safety  ground 
(green  wire).  Switching  the  power  circuits 
within  the  facility  induces  transients  in  the 
power  ground  wiring.  Since  the  ground  is  not  an 
infinite  current  sink,  a  portion  of  the 
transient  current  will  flow  on  the  signal 
reference  ground  directly  to  the  low-level 
circuitry  within  the  system.  Essentially,  the 
grounding  system  of  Fig.  10  serves  to  collect 
the  transient  i  generated  within  the  system  and 
apply  them  to  the  most  susceptible  circuits. 


Some  commonly  encountered  grounding 
anomalies  are  Illustrated  In  Figs.  11(a),  (c), 
and  (e).  In  Fig.  11(a),  the  building  shield  is 
violated  by  routing  a  separate  ground  wire  from 
the  equipment  cabinet  to  the  earth  electrode 
outside  the  building,  thus  contaminating  the 
building  environment.  More  serious  violations 
are  Illustrated  in  Figs.  11(c)  and  (e);  in  these 
example®,  small-signal  ground  (signal  common)  Is 
connected  to  a  conductor  exposed  to  the  raw 
outside  environment.  Although  such  grounding 
arrangements  have  been  used,  they  have  been  the 
source  of  much  objectionable  interference  in 
digital  systems — at  least  upset  and  often 
damage.  The  correct  shielding  and  grounding 
topology  is  Illustrated  in  Fig.  11(h),  where  It 
Is  Been  that  no  grounding  conductor  penetrates  a 
system  shield.  An  alternative  such  es  that 
shown  in  Fig.  11(d)  can  be  used  to  correct  the 
severe  violation  of  Fig.  11(c),  but  this  is 
usually  a  more  expensive  and  less  reliable 
approach.  Anothet  acceptable  alternative  is 
shown  in  Fig.  11(f),  In  which  the  grounding 
conductor  Is  continuous  through  both  shields  but 
the  hole  through  which  the  conductor  passes  Is 
filled  by  welding,  brazing,  or  soldering  the 
conductor  to  the  shield  material.  As  in  the 
case  of  the  filtered  ground  penetration,  there 
Is  no  particular  advantage  to  the  continuous 
conductor  fused  to  the  shields;  hence,  these 
methods  are  not  usually  recommended.  Irrational 
applications  of  single-point  grounding  such  as 
those  illustrated  In  Fig.  11(c)  have  caused 
equipment  damage  and  high  upset  rates  during 
thunderstorms.  The  grounding  arrangement  of 
Fig.  11(e)  was  found  to  be  a  probable  cause  for 
upset  In  an  EMP  environment  in  a  weapon  system. 

To  quantify  the  degree  to  which  a  barrier 
may  be  degraded  by  penetrations,  a  set  of 
experiments  was  conducted  using  the  setup 
Illustrated  in  Fig.  12.  A  chamber,  roughly  a 
cube  2.5  m  on  a  side,  made  of  mild  sheet  steel 
0.8-mm  thick  was  used  to  establish  an  arbitrary 
but  well-defined  electromagnetic  barrier.  The 
seuras  were  bolted  together  with  an  equivalent 
overlap  of  about  2  cm.  The  chamber  was  set  up 
13  cm  above  a  ground  plane  of  aluminum  sheets 
riveted  together.  The  wall  thickness  of  the 
chamber  was  approximately  five  times  the  skin 
depth  at  1  MHz.  The  average  shielding 

effectiveness  as  measured  by  the  amplitude 
reduction  of  a  double  exponential  driving  pulse 
was  about  60  dB.  While  this  is  not  a  high- 
performance  barrier,  it  ia  perfectly  adequati 
for  the  experiments  described  below. 

The  chamber  was  driven  near  the  center  of 
one  side  wall,  with  the  return  conductor 
connected  to  the  center  of  the  opposite  wall  and 
the  ground  plans.  A  high-voltage  pulse 
generator  was  used  to  produce  a  driving  pulse 
with  a  rise  time  of  about  40  ns  and  a  decay  time 
of  about  2  ps  so  that  it  had  adequate  spectral 
energy  in  the  I1F  band  to  simulate  modern 
lightning  models. 

Many  different  sensors  could  have  been  used 
to  measure  the  response  on  the  inside  of  the 
chamber.  We  used  the  largest  loop  that  could  be 


Installed  in  the  chamber.  The  rationale  for 
this  choice  of  sensor  was  that  it  produces  a 
response  at  least  as  large  as  could  be  obtained 
on  a  system  conductor  in  the  chamber.  Both 
open-circuit  voltage  and  short-circuit  current 
(peak  value)  were  measured. 

To  simulate  a  penetrating  ground  conductor, 
the  return  lead  was  connected  to  the  inside  of 
the  wall  using  pigtails  of  various  lengths  as  is 
detailed  in  Table  1.  In  (a),  a  small  pigtail 
with  a  radius  of  5  cm  was  used.  The  peak  value 
of  the  short-circuit  current  induced  in  the  test 
loop  in  this  configuration  was  25  mA,  whereas  In 
the  basic  configuration  it  waB  only  5  mA.  TV 
open-circuit  voltage  increased  only  by  a  factor 
of  2,  but  a  large  amount  of  ringing  (presumably 
due  to  direct  coupling  between  the  pigtail  and 
the  loop)  made  an  exact  reading  impossible.  The 
resonance  could  not  be  excited  when  the  return 
conductor  was  connected  to  the  outside  of  the 
chamber,  that  is,  when  the  harrier  was  closed. 

The  dependence  of  the  induced  signal 
strength  on  the  length  of  the  pigtail  was 
investigated  uBing  the  configurations  of  (c), 
(d),  and  (e)  of  Table  1.  The  results  of  the 
measurements  for  these  five  configurations  with 
a  test  loop  are  presented  In  the  table. 

The  results  shown  in  Table  1  should  be 
interpreted  with  caution;  the  numbers  represent, 
typical  losses  in  performance,  but,  of  course, 
they  are  dependent  on  the  geometry  of  the  entire 
experiment.  However,  they  can  he  taken  as  being 
indicative  of  the  degree  to  which  a  shielded 
system  can  be  degraded  by  penetrating  ground 
conductors . 

SUMMARY  AND  CONCLUSIONS 

Historically,  grounding  syntams  were  evolved 
for  reasons  of  personnel  safety,  and  they  served 
primarily  to  tie  together  the  components  making 
up  a  system  to  protect  personnel,  from  shocks 
resulting  from  static  charge  accumulation  or 
from  ground  fault  currents.  More  recently, 
grounding  bus  emerged  as  an  interference-control, 
technique.  Although  the  application  of  improper 
grounding  procedures  can  degrade  an  otherwise 
'dl-designed  system,  grounding  should  not  be 
thought  ot  as  an  interference-reduction 
technique.  For  example,  one  should  not  expect  a 
grounding  system  to  "ground  out"  interference. 
In  fact,  grounding  aystems  designed  with  this 
premise  generally  serve  an  "interference 
distributors”  within  a  facility. 

It  is  possible  to  design  facilities  highly 
Immune  to  lightning  interference  by  applying 
modern  topological  zoning  concepts.  It  is 
necessaary  to  prohibit  the  penetration  of  a 
barrier  by  an  untreated  conductor  to  maintain 
the  integrity  ot  these  facilities. 
Unfortunately,  designers  frequently  consider  the 
ground  wire  to  be  at  least  benign  and  possibly 
endowed  with  magic  powers,  so  that  it  is  allowed 
to  thread  Its  way  through  all  levels  of  the 
facility.  This  procedure  is  entirely 

inappropriate;  each  shielded  region  (topological 
zone)  should  have  a  separate  grounding  system 


I 


making  contact  with  bosh  the  inner  and  outer 
shield  defining  the  zone.  This  approach  allows 
the  grounding  sygtem  to  perform  Its  safety 

function,  and  It  also  prevents  the  distribution 
of  noise  from  one  topological  level  to  the  other 
on  the  grounding  system. 
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Table  1  -  Loss  of  Shielding  Effectiveness  Due  to  Conductor  Penetration 
(Open-circuit  voltage  Vqc,  and  short-circuit  current  1  are  shown  for  loop  1) 


Experiment* 


The  setup  is  shown  schematically.  Only  the  location  of  the  ground  return 
is  varied.  In  ell  but  the  first  experiment  the  driver  was  connected  to 
the  oucslde  of  the  shield  and  the  return  to  the  inside  of  the  shield  as 
shown. 
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F>g.  1  -  Schematic  characterization  of  the  interference  coupling 
proceM 
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Pig-  2  -  Method!  of  eliminating  the  interaction  of  an 
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Fig.  5  -  Element*  of  a  typical  doted  alactromagnetic  barrlar 
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(c)  GROUNDING  CAN  EQUALIZE  POTENTIALS  OP  NEARBY  OBJECTS 
Fig.  7  -  AppropriM#  function*  for  a  grounding  iy«t*m 
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<c)  GROUNDING  SOURCE  OR  VICTIM  STRUCTURE  DOES 
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Fig.  8  -  Soma  popular  miaconcapttom  regarding  grounding 
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Fig.  9  -  Penetrating  ground  connector  from  the  topological 
point  of  view 
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Fig.  10  -  Interference  attribution  throu*  en  ill-conceived  grounding  ayetem 
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Fifl.  11  -  Typical  grounding  anomalies  encountered  in  practice 
and  tome  correct  alternatives 
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Fig.  12  -  Test  setup  for  penetration  experiments 
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Lightning  and  Transient  Protection  of  Radio  Systems 


By 

Prof.  S.  Lundquist 
Institute  of  High  Voltage  Research 
Uppsala  University,  S-755  90  Uppsala, 
Sweden 


ABSTRACT 

Protection  of  important  radio  systems  against  electromagnetic  transients  from 
lightning  discharges  and  nuclear  explosions  (NMP)  nowadays  is  more  or  less  a 
standard  procedure.  However,  the  problem  of  coordinating  different  protective 
measures  and  selection  of  the  most  suitable  components  still  are  problems  deserving 
further  studies.  Tests  Have  therefore  been  performed  to  evaluate  some  Important 
parameters  of  individual  components  and  of  radio  systems  for  frequencies  up  to 
75  MHz.  At  the  testing  both  standard  test  pulses  as  well  as  fast  rising  pulses  in 
the  nanosecond  range  has  been  used.  Gas  discharge  tubes,  cables  etc.  have  been 
tested  separately  and  as  part  of  a  system.  In  this  way  it  is  possible  to  study  the 
effect  of  different  counterpoise  snd  grounding  systems,  different  cable  lengths 
and  different  locations  of  the  cables  as  well  as  the  location  and  properties  of  gas 
discharge  tubes  and  semiconductor  prctection  elements  on  the  amplitude  and  energy 
of  the  transient  reaching  the  sensitive  parts  of  the  system.  The  results  are  also 
used  to  estimate  the  necessary  intervals  for  routine  maintenance  and  to  predict  the 
MTBF  for  faults  caused  by  lightning,  A  technique  for  field  tests  in  actual  instal¬ 
lations  will  also  be  discussed. 


This  paper  was  not  available  for  incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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PROTECTION  AGAINST  LIGHTNING  SURGE  VOLTAGES  ON 
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ABSTRACT  ^ 

Sensitive  electronic  systems  are  shielded  against  electromagnetic 
interferences  (lightning,  EMP) .  The  shielding  efficiency  is  reduced  by 
field  coupling  through  apertures  and  particularly  by  feeding  of  inter¬ 
fering  currents  through  cable  entries.  In  case  these  cables  are  connected 
to  the  inputs  of  electronic  devices,  the  surge  voltages  may  disturb  or 
even  destroy  these  devices  or  single  electronic  components,  particularly 
semiconductors. 

Special  passive  protection  circuits  for  communication  and  pcwer 
lines  against  lightning-  and  EMP-induced  surge  voltages  are  developed. 

The  edge  steepnesses  of  the  applying  surge  voltages  shew  values  of 
2kV/us  (lightning)  up  to  2kV/ns  (EMP). 

\ 
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CONCERNING  PROTECTION  CIRCUITS  AGAINST  surge  volt¬ 
ages  it  is  necessary  to  distinguish  between  cir¬ 
cuits,  connected  into  communication  lines,  and 
such,  connected  into  power  lines.  For  both  types 
of  protection  circuits  a  definite  threshold  volt¬ 
age  is  required.  In  case  of  conmuni cation  lines 
the  protection  circuits  additionally  have  to  show 
a  minimum  insertion  loss.  In  order  to  guarantee  a 
largely  non-attenuated  transmission  of  the  infor¬ 
mation  signals.  Particularly  for  frequencies 
higher  than  5  MHz  it  is  difficult  to  realize  a 
protection  circuit  with  a  low  threshold  voltage 
in  consideration  of  an  also  low  insertion  loss. 
Concerning  protection  circuits,  connected  into 
power  lines,  these  circuits  have  to  show  the  char¬ 
acteristic  to  transmit  electrical  power  from  the 
power  supply  to  the  load. 

Not  only  a  protection  against  lightning 
surge  voltages  (edge  steepness  about  2kV/us)  is 
required,  but  also  against  EMP-surge  voltages 
(edge  steepness  up  to  2...10kV/ns)  (1)*,(2),{6). 
Measurements  have  shown  that  in  many  cases  it  can 
be  assumed  that  EMP-pulses,  coupled  into  trans¬ 
mission  lines,  have  rise  times  of  the  order  of 
microseconds.  In  addition,  there  are  some  appli¬ 
cations  wnere  the  edges  of  lightning-  and  EMP- 
pulses,  coupled  into  electronic  systems,  are  at¬ 
tenuated  only  slightly,  e.g.  antenna  Inputs. 

Concertiing  the  response  of  protection  cir¬ 
cuits  the  difference  between  lightning  and  EMP- 
surge  voltages,  applying  these  circuits,  will  be 
shown. 

In  case  the  spectrum  of  the  interference 
does  not  overlap  with  the  frequency  range  of  the 
communication  signals  (s.  Fig.  1)  it  is  not  prob¬ 
lematical  to  realize  a  suitable  band-pass  filter. 
However,  in  the  cthe»'  case  the  frequency  ranges 
mentioned  are  overlapping,  and  therefore  non¬ 
linear  protection  circuits  with  definite  thres¬ 
hold  voltages  are  necessary  as  shown  in  Fig.  2. 

TEST  EQUIPMENT 

In  case  of  edge  steepnesses  up  to  lOkV/ns 
of  the  applying  surge  voltage  it  is  very  diffi¬ 
cult  to  realize  measurements  at  protection  cir¬ 
cuits  concerning  eompas  atively  low  threshold 
voltages  In  order  to  obtain  reproducible 

measurement  results  with  a  sufficient  precision 
a  special  and  accurate  shielding  of  tno  measure¬ 
ment  circuit  is  necessary  as  shown  schematically 
In  Fig.  3.  A  1000:1  frequency-calibrated  high 
voltage  attenuator  probe  is  used  for  measuring 
output  voltages  U2(t)  of  the  protection  circuit. 
The  registration  of  the  signals  is  performed  by 
means  of  a  400  MHz  storage  oscilloscope. 

The  transmission  characteristics  of  protec¬ 
tion  circuits,  on  principle,  of  any  two-port  net¬ 
work  are  described  by  the  s-parameter.  In  this 
case  the  si i-pprameter  ar>d  the  magnitude  of  the 
soj  parameter  are  of  special  Interest.  By  means 
of  the  sij-pa. ameter  -  represented  in  a  Smith 
chart  -  for  an  arbitrary  frequency  the  input 
*Numbers  in  parantheses  designate  References  at 
end  of  paper 


impedance  and  the  reflection  coefficient  of  a 
two-port  network  can  be  determined.  The  magnitude 
of  the  S22-parameter  is  the  insertion  loss  of  the 
two-port  network.  A  network  analyzer,  as  shown  in 
Fig.  4,  is  used  for  measuring  the  sn-  and  s?i- 
parameter.  In  this  case  it  is  required  to  realize 
a  measurement  of  the  insertion  loss  down  to  val¬ 
ues  of  -0.5dB  with  a  resolution  of  +  O.ldB. 
Therefore,  a  computer-controlled  network  analyzer 
is  used  which  enables,  by  means  of  a  special 
software,  an  automatic  calibration  and  a  con¬ 
sideration  of  the  frequency-dependent  loss  of 
feed  lines  and  internal  connections. 

DESIGN  CONCEPT  OF  THE  PROTECTION  CIRCUITS 

Concerning  the  protection  against  surge 
voltages,  in  certain  cases  the  application  of 
gas  arresters  is  sufficient.  As  shown  in  Fig.  5 
and  mentioned  in  ( 1) , (2)  the  dynamic  threshold 
voltage  is  dependent  on  the  edge  steepness  of 
the  applying  surge  voltage.  Fig.  5  shows  the  re¬ 
sponse  of  an  arrester  with  the  static  threshold 
voltage  Ustat  a  230V.  The  following  values,  con¬ 
cerning  the  dynamic  threshold  voltage,  were  ob¬ 
tained:  Udyn=«900V  for  di.«i/dta«2kV/vis  and  UHVna: 
1750V  for  dui/dta<  5kV/ns  (3), (4),  In  many  cases 
these  values  are  still  too  high  and  an  additional 
protection  is  required.  Fig.  6  shows  a  general¬ 
ized  block  diagram  of  a  protection  circuit  which 
consists  of  a  coarse  protection  and  a  fine  protec¬ 
tion.  The  coarse  protection  contains  gas  ar¬ 
resters  and  the  fine  protection  special  suppres¬ 
sor  diodes  (E).  Coarse  and  fine  protection  are 
decoupled  by  a  series  impeuance.  Starting  from 
this  block  diagram,  protection  circuits  against 
lightning-  and  EMP-induced  surge  voltages  on 
lines  and  cables  are  developed  for  different  ap¬ 
plications. 

MEASUREMENT  RESULTS 

In  Oder  to  guarantee  a  reliable  operating 
of  the  protection  circuits  a  sufficient  decou¬ 
pling  between  coarse  and  fine  protection  Is  nec¬ 
essary.  The  decoupling  is  dependent  on  a  suit¬ 
ably  proportioned  series  impedance  (ohmic  resis¬ 
tor  and/or  inductance)  and  on  an  optimal  arrange¬ 
ment  and  shielding  of  the  electronic  components. 
The  decoupling  is  required  for  both,  the  protec¬ 
tion  circuits  for  communication  lines  and  the 
protection  circuits  for  power  lines.  Particu¬ 
larly  the  discharge  currents  of  the  arresters 
generate  magnetic  fields  with  high  amplitudes 
and  extreme  edge  steepnesses.  These  magnetic 
fields  may  induce  interfering  voltages  Uj.  Start¬ 
ing  from  a  realistic  discharge  current  of  an  ar¬ 
rester,  applied  with  a  lightning-  or  EMP-induced 
surge  voltage,  the  following  approximation  Is 
valid,  di„/dt:*2kA/ns;  r  =  10c<ft, 

A  =  2cm2a:max  a 
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where  Ia  is  the  maximum  discharge  current, 

U-j  the  open-circuit  voltage  of  a  loop  with  the 
area  A  and  r  the  distance  between  the  axis  of 
the  arrester  and  the  center  of  the  loop.  (In 
this  example  the  axis  of  the  arrester  and  the 
loop  form  a  plane).  In  order  to  show  the  influ¬ 
ence  of  an  insufficient  shielding  of  the  ar¬ 
resters  on  the  response  of  a  protection  circuit, 
Fig.  7  shows  measurements  for  a)  a  sufficient 
shielding  of  the  arresters  and  b)  a  shielding 
with  apertures  (Insufficient  shielding).  Concern¬ 
ing  an  insufficient  shielding  it  is  evident  that 
an  influence  on  the  response  u?(t)  (Fig.  7b) 
appears  during  the  first  10ns  [marked  by  an 
arrow),  that  means  during  the  response  of  the 
arresters.  According  to  the  oscillograms  of 
Fig.  7,  in  case  of  Fig.  7a  a  peak  value  of  20V 
and  in  case  of  Fig.  7b  a  peak  value  of  150V  was 
measured. 

In  the  following  two  different  protection 
circuits  for  special  applications  are  shown  and 
discussed.  In  Fig.  8  the  block  diagram  and  re¬ 
sponse  of  a  protection  circuit  for  symmetrical 
telephone  transmission  lines  are  represented. 
Because  of  the  low  frequencies  of  the  communica¬ 
tion  signals  (f  <  5kHz)  the  problem  concerning 
the  insertion  loss  of  this  protection  circuit 
is  of  secondary  significance.  The  test  pulse  of 
Fig.  8  has  an  edge  steepness  of  5  kV/ns.  In  con¬ 
sideration  of  this  comparatively  high  value  of 
5  kV/ns  the  peak  pulse  voltage  (s.  arrow  in 
Fig.  8)  only  shows  a  value  of  about  25V.  The 
pulser  with  the  surge  voltage  u^(t)  is  connected 
to  the  protection  circuit  as  shown  in  Fig.  8, 
and  the  response  voltage  U2(t)  is  tapped  off  at 
the  corresponding  output  terminals.  This  is  the 
"worst  case"  because  generally  a  common-mode 
excitation  is  valid  in  case  of  lightning-  and 
EMP-induced  currents  on  lines  and  cables.  Con¬ 
cerning  the  edge  steepness  of  the  applying  surge 
voltage  the  "worst  case"  Is  assumed,  too,  for  in 
the  most  cases  -  particularly  in  low  frequency 
multi  conductor  transmission  lines  -  edge  steep¬ 
nesses  of  the  order  of  some  kV/ns  are  attenuated 
to  values  down  to  some  kV/'us.  Fig.  9  shows  a 
photo  of  a  protection  circuit,  installed  on  a 
printed-circuit  board,  for  two  symmetrical  tele¬ 
phone  channels.  The  other  type  of  protection  cir¬ 
cuit  is  a  coaxially  constructed  device  for  high 
frequency  transmission  lines  (characteristic 
impedance  Zl  *  50n).  It  is  difficult  to  develop 
protection  circuits  with  a  low  threshold  voltage 
in  consideration  of  a  minimum  insertion  loss  for 
frequencies  f  >  5  Wiz.  An  insertion  loss  shown 
in  Fig.  10a  Is  useless  because  a  value  of  e.g. 
-50dB  for  70  MHz  is  unacceptable.  By  means  of 
special  diodes  as  shown  In  Fig.  10b  it  Is  pos¬ 
sible  to  reduce  these  values.  In  order  to  real¬ 
ize  values  for  an  Insertion  loss |a |<  2dB  for 
frequencies  up  to  70  MHz  a  special  coaxially 
constructed  protection  circuit  is  developed 
(s.  photo  of  Fig.  11,  Prototype  PCC  100/1.25). 
Fig.  12  shows  the  block  diagram  which  consists  of 
a  coarse  protection  and  a  multistage  fine  pro¬ 
tection  (fine  protection  FPI  and  fine  protection 
FPII) .  The  response  (Fig.  12)  is  valid  for  an 


edge  steepness  of  the  applying  surge  voltage  of 
dui/dtae5kV/ns.  Generally,  the  first  peak  value 
(s.  arrow  in  Fig.  12b)  is  dependent  on  the  edge 
steepness,  this  value  will  be  lower  in  case  of 
lightning  surge  voltages  (dui/dta*2kV/us).  The 
measured  50n-1nsert1on  loss  (magnitude  of  S2i- 
parameter)  and  the  magnitude  of  the  measured 
reflection  coefficient  |r|  at  the  input  of  the 
protection  circuit  PCC  lTJO/1.25  as  a  function  of 
the  frequency  are  represented  in  Tig.  13. 

SUMMARY  AND  CONCLUSIONS 

It  has  been  shown  that  it  is  impossible  to 
realize  a  universal  protection  circuit  for  all 
applications.  There  are  considerable  differences 
between  circuits  for  low  frequency  and  such  for 
high  frequency  transmission  lines.  The  main 
characteristics,  concerning  protection  circuits 
for  power  lines,  are  a  low  threshold  voltage  and 
a  special  series  impedance,  which  is  proportioned 
for  currents  of  several  ampere  jp  to  several 
hundred  ampere. 

For  the  excecuted  measurements  an  edge 
steepness  of  the  applying  surge  voltage  duj/dt;* 
5kV/ns  was  valid.  Since  the  response  Is  largely 
dependent  on  the  edge  steepness,  the  maximum 
peak  threshold  voltages  in  case  of  lightning 
surge  voltages  (edge  steepness  du]/dt;*2kV/ys) 
are  below  the  peaks  obtained  in  case  of  EMP-surge 
voltages  (edge  steepness  dui/dt;*5kV/ns) . 

The  research  work  in  conjunction  with  the 
industry  is  going  on.  The  activities  concern  the 
development  of  protection  circuits  for  special 
applications  particularly  for  telecommunications. 
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Fig.  1  -  Required  attenuation  characteristic  of 
band-pass  filters  against  low  frequency  inter¬ 
ferences,  coupled  into  transmission  lines 


EMP-pulser 
/  tine 


shielding.  H-Y.  attenuator  probe 

Ry  V-  -  A  y™!r~~ i 

fRa/T  c/rc.  JyR  / 


frequency  spectrum  of  the  high  frequency 
interference,  coupled  into  the  transmission 
Y/7^/A  tine 


104  102  103  10*  10s  10 6  107  10*  Hz 


\s~  for  levels  above 
/////  y\  a  definite 

q - /./.// y - ^  \  threshold 

a  voltage,  e  g  30  V 

frequency  range  of  the  communication 
signals  on  the  transmission  line 

Fig.  2  -  Required  attenuation  characteristic  of 
protection  circuits  against  EMP  -  and  lightning 
-  Interferences,  coupled  into  transmission  lines 


.  insertion  loss  ,a 
\of  a  non -linear 
\  protection  circuit: 
\y—for  low  levels 
\  lsigr.nl  levels) 


network 
analyzer 
HP  8505k 
.Portl  Port 2 


computer 
HP  3025 


plotter 
IP  9072k 


LCMJi 
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and  S2i-parameter 


Fig.  3  -  Test  equipment  for  measuring  the  re¬ 
sponse  u  (t)  of  protection  circuits 
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Fig.  6  -  Generalized  block  diagram  of  protection 
circuits  against  lightning-  and  EMP-induced  surge 
voltages  on  lines  and  cables 

a)  elementary  protection  circuit  for  unsymmetri- 
cal  lines 

b)  elementary  protection  circuit  for  symmetrical 
lines 
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Fig.  9  -  Photo  of  the  protection  circuit 
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Fig.  11  -  Photo  of  the  coaxially  constructed 
protection  circuit  PCC  100/1.25 


Fig.  10  -  50n-insert1on  loss,  solid  curve: 
measurement;  dashed  curve:  computation 
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ABSTRACT 


Surface  cbaervaticna  ware  undertaken  aroiaid  the  722.5  MW  Satpura 
thermal  power  atation,  Madhya  Pradeah,  India,  for  lnvaatigating  the 
possible  reaaona  for  frequent  failure  of  lightning  arvesterc. 

The  obucrvatlans  made  have  Indicated  unuauaily  high  negative 
electric  field*  (up  to  -8  kv/m)  during  fair  rather  condition*  and 
alao  very  high  concentration?  of  particulate  pollutant*  (up  to 
2f 67  ug/m3)  In  the  downwind  region.  The  high  negative  electric 
field*  arc  attributed  to  the  very  high  concent rat Iona  of  particulate 
pollutant*  released  into  ataoephere  from  stack*. 

A  new  theory  for  the  generation  of  static  electricity  in  the 
atmosphere  has  bean  proposed.  The  theory  can  explain  the  atmospheric 
electrical  phenomena  like  intense  electrification  of  dust  storms, 
lightning  activity  associated  with  volcano  erruptlona  and  very  high 
electric  field*  in  pluses  emitted  from  power  plant  stacks.  Also,  it 
may  havo  useful  applications  in  the  prediction  and  napping  of  electric 
fields  in  the  environment  of  space  vehicle  launching  sites,  super 
thermal  power  plants  and  explosive  tasting/storage  sites. 

The  failure  of  the  lightning  arresters  Is  attributed  to  the 
fatigue  caused  by  the  continuous  flow  of  surge  currents  through  the 
arresters.  When  these  currents  exceed  a  critical  value  the  .~.-**llng 
function  of  the  arresters  nay  be  affected  resulting  In  thmir  failure. 


FREQUENT  FAILURE  OF  LIGHTENING  ARRESTERS 
installed  at  thu  722, 5  idW  Sstpura  thermal 
power  station  located  at  Sami  (22°  07' 

N,  78°  10'  E,  436.4  ASL) ,  Madhya  Pradesh, 
India  has  been  reported.  At  tne  request 
of  the  Madhya  Pradesh  State  Electricity 
Board,  the  Imtitnte  undertook  field 
observational  programmes  during  July  1981, 
October  1981  and  May  1982.  Measurements 
of  atmospheric  electric  field,  point  dis¬ 
charge  current,  raindrop  charge,  selected 
meteorological  parameters,  atmospheric 
gaseous  and  particulate  pollutants  and 
Aitken  nuclei  were  carried  out.  The  <> 
observations  indicated  unusually  high 
negative  electric  field  during  fair  wea¬ 
ther  conditions  and  also  very  high  con¬ 
centrations  of  the  gaseous  and  particu¬ 
late  pollutants  in  the  immediate  vicinity 
of  the  thermal  power  plant. 

Intense  electrification  of  dust 
raised  in  sand  storms  was  reported  by 
several  investigators.  Negative  poten¬ 
tial  gradients  as  high  as  10  KV/m  were 
observed  during  dust  storms  (1)*.  Poten¬ 
tial  gradients  observations  made  close  to 
a  dust  devil  suggested  that  the  dust  clbud 
behaved  like  an  inverted  thunder  cloud 
with  negative  charges .  Measurements  made 
at  Beni-Abbes  in  the  Northern  Sehara  indi¬ 
cated  electric  fields  up  to  15  KV/m  in  the 
dust  cloud, the  polarity  corresponding  to 
the  charges  carried  by  the  dust  particles 
in  the  air.  Similar  effects  were  also 
repoztad  from  the  measurements  made  in 
Japan  and  in  Nigeria  (2,3).  Erupting 
volcanoes  are  often  accompanied  by  light¬ 
ning  and  thunder  (4) .  However,  the  phy¬ 
sical  mechanism  for  charge  generation  in 
dust  clouds  is  not  yet  understood.  Air¬ 
craft  measurements  made  around  large  coal 
fired  power  plants  in  USA  showed  that 
particulates  which  eacapa  aven  the  most 
efficient  pollution  control  devices  are 
highly  charged  and  result  in  negatively 
charged  plumes  which  art  datectable  elec¬ 
trically  as  far  aa  80  km  downwind  from 
the  source  (5) .  Electric  field  as  high 
aa  19  KV/m,  only  an  order  of  magnitude 
less  than  typically  found  in  a  thunder¬ 
storm  ware  detected  in  the  plume  emitted 
from  an  electroatic.  precipitator  equipped 
stack.  Aircraft  measurements  made  around 
thermal  power  plant/urban  industrial  com¬ 
plexes  in  India  showed  that  tha  thermal, 
microphysical  electrical  and  chemical 
conditions  in  the  downwind  regions  are 
altered  by  the  waste  heat,  moisture 
eseoua/particular  pollutants  emitting 
rom  stacks  (6,7,8). 

The  above  observations  indicate  that 
the  unusually  high  negative  electric 
fields  noted  during  fair  weather  condi¬ 
tions  in  the  downwind  region  of  the 
Satpura  thermal  power  plant  could  be 
due  to  the  presence  of  highly  charged 

*N umber#  in  parenthasen  designate 
References  at  end  of  paper.  12* 


particulate  pollutants  released  into  the 
environment  from  the  stacks .  The  above 
effect  is  more  marked  due  to  the  low 
efficiency  of  the  mechanical  dust  collec¬ 
tors  installed  in  Units  1-5  of  the  ther¬ 
mal  power  plant  (Fig.l).  The  high  nega¬ 
tive  electric  field  observed  in  the 
environment  of  the  thermal  power  station 
would  cause  fatigue  to  lightening  arres¬ 
ters  due  to  continuous  surge  currents 
passing  through  the  arresters.  Under 
certain  conditions  when  the  surge  currents 
exceed  certain  value  the  resealing  func¬ 
tion  of  the  arresters  may  be  affected 
resulting  in  the  failure  of  the  arresters . 

In  this  paper,  a  new  mechanism  has 
been  proposed  for  the  generation  and 
maintenance  of  fair  weather  electric 
field  and  for  the  generation  of  static 
electricity  in  the  atmosphere.  The  theory 
relating  to  the  new  mechanism  and  the 
results  of  the  field  observations  are 
presented  below. 

DETAILS  OF  THE  THERMAL  POWER  PLANT 

The  thermal  power  station  is  located 
at  Sami  in  the  forest  region  of  Madhya 
Pradesh.  It  is  surrounded  by  hills  and 
the  major  rainy  season  ia  the  summer 
nkmsoon  (June-September) .  The  winds  in 
the  lower  troposphere  are  southwesterly 
and  the  normal  annual  rainfall  is  121  On. 

The  present  total  capacity  of  the 
power  plant  ia  722.5  MW.  It  consists  of 
7  Uhita  (Fig.l.).  Uhita  1  to  5  are  of 
capacity  of  62.5  MW  each.  Units  6  and  7 
are  of  200  MW  and  210  MW  respectively. 
Mechanical  dust  collectors  are  installed 
in  Units  1-5  and  electrostatic  precipi¬ 
tators  in  Units  6  and  7.  Units  1-5  nave 
stacks  of  height  50  meters  each,  Units 
6  and  7  have  a  common  stack  of  height 
160  metera.  The  efficiency  of  the 
mechanical  dust  collectors  (Units  1-5) 
la  about  80%  and  that  of  tha  electro¬ 
static  precipitators  is  about  98.5%.  On 
the  avertge  about  90  x  10s  Kg/hr  of  coal 
ia  burnt  for  tha  power  generation. 

OBSERVATIONS 

Observations  of  (i)  atmospheric 
electric  field,  (ii)  point  discharge 
current,  (ill)  raindrop  charges,  (Iv)  rain 
fall  intensity,  (v)  gaeeoua  pollutants 
(S02,  NHj ,  NOj ,  Os),  (vl)  wind  speed  and 
direction,  (vii)  temperature,  and  (viil) 
humidity  were  recorded  during  the  field 
programmes .  Tha  details  of  measurements 
of  parameters  of  (1)  to  (vi)  were  des¬ 
cribed  elsewhere  (9,10).  Parameters  at 
(vi)  to  (viil)  wore  measured  using 
standard  meteorological  instrumanta . 

The  above  measurements  were  carried 
out  at  (1)  Sites  1  and  2  (upwind) , 


(ii)  Sit*  3  near  the  stacks,  and  (ill) 

Site  4  (downwind) . 

The  dust  load  (TSP)  in  tha  vicinity 
of  tha  power  plant  is  very  high.  This 
is  dua  to  the  hills  located  around  the 
power  plant  whose  height  varied  between 
50  and  200  meters  and  the  fly  ash  relea¬ 
sed  from  the  stacks  is  unable  to  get 
dispersed.  A  photograph  of  the  stacks 
and  the  plume  is  shown  in  Fig. 2.  The 
location  of  the  lightning  arresters  is 
shown  in  Fig. 3. 

RESULTS 

The  diurnal  variation  of  the  verti¬ 
cal  electric  field  at  the  surface  based 
on  the  observations  made  under  fair  wea¬ 
ther  conditions  in  the  upwind  (Site  1) 
and  downwind  (Site  3)  regions  is  shown 
in  Fig. 4.  The  electric  field  is  negative 
and  also  unusually  high  (up  to  -£  KV/m) . 

The  maximum  value  of  the  electric  field 
was  as  high  as  -6  KV/m  when  the  plume  from 
the  stiacks  was  overhead.  The  electric 
field  in  the  upwind  region  (Fig. 4)  is 
lower  in  magnitude  (+200  V/m  to  -100  V/m) 
and  almost  tends  to  approach  the  undis¬ 
turbed  positive  fair  weather  electric 
field.  The  point  discharge  current  in 
the  downwind  varied  between  -0.1  and 
-1.4  uA.  No  detectable  point  discharge 
current  was  observed  in  the  upwind  region. 

Similarly  the  concentrations  of  the 
gaseous  and  particulate  pollutants  are 
significantly  high  in  the  downwind 
regions.  The  maximise  concentrations 
(tig/m3)  of  tha  total  suspended  particu¬ 
lates  (TSP) ,  SOj  and  N0»  in  the  upwind 
and  downwind  respectively  are  775,23,10, 
and  2067,  149  and  12. 

NEW  MECHANISM 

A  new  mechanism  for  the  generation 
and  maintenance  of  fair  weather  electric 
field  is  proposed  in  the  following. 

The  physical  mechanism  envisaged 
basically  considers  upward  transport  of 
•large  ions  (charged  particles/ aerosols) 
from  surface  layer  to  higher  levels. 

This  gives  rise  to  an  aerosol  current 
(IA)  ainc*  the  surface  aerosols,  by  and 
large,  carry  positive  charges.  The  up¬ 
ward  transport  of  oarosols  from  surface 
to  higher  level*  takes  place  due  to  the 
vertical  mate  exchange  between  the  tro¬ 
posphere  and  the  ionosphere .  Similarly 
downward  transport  of  nagativaly  chargad 
small  ions  from  highar  levels  to  lower 
level*  takas  piece  due  to  the  vertical 
mass  exchange.  The  vertical  mass  ex¬ 
change  takas  piece  by  a  chain  of  addles 
through  tha  gravity  wav*  feedback  mecha¬ 
nism  as  explained  below. 

The  atmospheric  planetary  boundary 


layer  contains  large  eddies  (vortex  rolls). 
The  turbulent  $ ddies  originating  from  sur¬ 
face  friction  « re  contained  as  internal 
circulations  along  the  envelopes  of  the 
large  eddies.  The  circulation  speed  of 
turbulent  eddies  is  several  times  that 
of  large  eddy.  Microscale-fractional- 
condensation  occurs  in  turbulent  addles 
even  In  an  unsaturated  environment.  The 
turbulent  eddies  get  amplified  in  the 
vertical  by  the  latent  neat  released 
during  the  microscale- fractional-conden¬ 
sation.  Thus  the  turbulent  eddies  are  a 
continuous  source  of  buoyant  energy  input 
for  the  suatenance  end  vertical  growth  of 
large  eddies  (11) . 

Theory  Indicates  (12)  that  for  a 
large  eddy  which  is  10  times  bigger  in 
size  than  the  turbulent  eddy,  the  increase 
in  the  circulation  speed  of  the  large 
eddy  is  25  per  cent  of  the  Increase  in 
the  circulation  speed  of  tha  turbulent 
edify.  The  turbulent  eddy  fluctuations 
rasult  in  vertical  mixing  of  tha  large 
eddy  volume  with  overlying  air.  The 
fractional  dilution  by  volume  of  the  largo 
eddy  is  equal  to  0.45  for  large  eddies  of 
size  10  times  larger  then  the  turbulent 
eddies .  The  dilution  increases  with 
decrease  in  large  eddy  size.  Hence,  it 
follows  that  larga  addlas  of  siza  R*10r 
can  alona  exist  as  ldantiflabla  antities . 

The  buoyant  production  of  turbulent 
kinetic  energy  (T.K.E.)by  tha  microscale- 
fractional-  condensation  is  maximum  at  tha 
creat  of  tha  large  addles  and  rasulta  in 
tha  warming  of  tno  large  addy  volume. 

Tha  turbulent  eddies  at  tha  crest  of  tha 
large  addlas  art  identifiable  by  a  micro- 
scaTa-capping-  inversion  which  rises  up¬ 
wards  with  tha  convective  growth  of  the 
large  eddy  in  the  course  of  the  day 
(Fig. 5).  This  is  seen  as  tha  rising 
inversion  of  tha  day  time  planetary 
boundary  layer  in  tha  echosonde  records. 

As  the  parcel  of  air  corresponding 
to  the  large  eddies  rises  in  the  stable 
environment,  Brunt  Valsale  oscillations 
are  generated.  These  oscillations  will 
give  rise  to  gravity  waves.  The  frequency 
of  the  Bruit  Vaiaala  oscillations  is 
equal  to 

»b  ■  h;  ■  (1) 

where  g  la  the  acceleration  dua  to  gra¬ 
vity,  y  the  virtual  porential  tempera¬ 
ture  ana  dev/dx  is  the  virtual  potential 
temperature  lapse  rat*  in  the  microacele- 
cepp lug -in vers ion.  Thus  the  rising  large 
eddy  generates  a  continuous  spectrin  of 
atmospheric  gravity  waves  (11). 

The  evidence  for  the  generation  of 
continuous  spectrin  of  Brunt  Valsale 
eddies  in  the  atmosphere  cam  be  ***n  from 
the  turbulence  spectra  of  wind  a.id  tempc- 
rature  observations.  The  elope  of  the 
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turbulence  spectra  is  slightly  steeper 
then  -5/3  (-1.6667) .  Theoretically  the 
slope  of  the  Brunt  Vaisala  eddy  spectrum 
can  be  derived  as  follows. 

As  explained  earlier  turbulent 
eddies  are  a  continuous  source  of  buo¬ 
yant  energy  input  for  the  vertical 

Growth  of  large  eddies.  Hence,  for  a 
ecadic  wave-length  range  of  eddies,  the 
spectral  slope  (S)  is  given  by 

S  --an  (SL/S,)  (2) 

where  Is  the  spactrAL  density  of  the 
turbulent  kinetic  energy  in  the  vertical 
direction  for  the  large  eddy  and  S  for 
the  turbulent  eddy. 

For  wind  the  following  expressions 
can  be  written 

SL  -  %  (4/3)  n  R3  W2  (3) 

Sjj  *  %  (4/3)  n  r^  w2  (4) 

where  W  and  w  are  respectively  the  verti¬ 
cal  velocities  of  the  large  and  turbulent 
eddies.  The  spectral  slope  (S)  is  given 

ky 

S  -  -in  {  ^  )  (5) 

jfj  w* 

The  value  of  S  is  -1.8037  for  a  da cadi c 
wave-length  range  since  W  -  Q.25w  as 
shown  earlier.  The  spectral  slope  for 
temperature  may  be  shown  to  be  the  same 
as  that  for  wind. 

The  slope  of  the  spectrum  of  the 
Brunt  Vaisala  eddies  is  in  agreement  with 
the  slope  of  the  turbulence  spectra  for 
wind  and  temperature  observations.  Thus 
the  physical  mechanism  envisaged  for  the 
generation  of  gravity  waves  is  consistent. 
It  is  postulated  that  vertical  mass 
exchange  takes  place  by  a  chain  of 
eddies  (gravity  waves)  extending  from  the 
lower  troposphere  to  the  ionospheric 
levels .  As  already  pointed  out  the 
existence  of  the  chain  of  eddies  and  the 
microscale- capping- inversion  layers  in 
the  atmospheric  planetary  boundary  layer 
can  be  seen  from  the  echo sonde  records. 

At  higher  levels  the  eddy  systems  get 
amplified  due  to  decrease  in  atmospheric 
density.  The  presence  of  the  microscale- 
capping  inversion  layers  at  higher  levels 
was  noticed  in  the  MST  radar  observations 
(13) .  Another  observational  evidence  for 
the  presence  of  the  eddy  systems  (waves) 
at  higher  levels  (about  80  km)  is  forma¬ 
tion  of  noclucent  clouds .  The  eddy 
systems  described  above  are  vertically 
propagating  gravity  waves  exclusively  cf 
buoyancy  type  and  these  waves  are  respon¬ 
sible  for  the  vertical  mass  exchange 
between  the  troposphere  and  the  iono¬ 
sphere  (14)  . 

The  vertical  mass  exchange  by  the 
gravity  wave  feedback  mechanism  results 
In  the  upward  transport  of  positively 


charged  large  ions  (aerosols)  and  down¬ 
ward  transport  of  nsgativaly  charged 
small  Ions  as  explained  earlier.  This 
would  give  rise  to  an  aerosol  crrrsnt 
which  can  be  represented  ao  follows : 

IA  -  (N++-HI_Hn++-fn_Oe  (6) 

where 

v  *  volume  of  the  turbulent  edify 
N  -  the  large  ion  concentration  and 
n  -  the  small  ion  concentration 
t  •  circulation  time  period  of  the 
turbulent  eddy 
e  ~  electronic  charge 

As  the  concentration  of  large  ions 
in  the  atmosphere  is  about  10,000  per 
cm3  and  that  of  amall  ions  ia  0.1  per 
cm3  (17) ,  li  it  5  orders  of  magnitude 
larger  and  is  in  the  opposite  direction 
to  the  conventional  air-earth  conduction 
current  X,  which  is  10“ 12  A  per  m*. 

It  la  now  postulated  that  Is  is  res¬ 
ponsible  for  the  generation  of  fair 
weather  alactrical  field  (F)  instead  of 
the  global  thunderstorm  activity. 

It  la  generally  believed  that  the 
global  thunderstorm  activity  Is  respon¬ 
sible  for  the  maintenance  of  the  fair 
weather  atmospheric  electric  field  since 
the  observations  show  a  simultaneous 
peak  in  the  global  fair  weather  electric 
field  and  thunderstorm  activity.  How¬ 
ever,  it  has  not  been  proved  conclusively 
that  the  required  number  of  thunderstorms 
occur  at  any  time  over  the  globe  to  main¬ 
tain  the  fair  weather  electric  field. 

Schmidt  (15)  and  Bauer  (16)  postu¬ 
lated  the  axis tan ca  of  the  atmospheric 
currents  10s  times  larger  and  of  opposite 
direction  to  the  conventional  alr-eerth 
conduction  currant  in  order  to  explain 
the  variations  in  the  horizontal  gao- 
magnatlc  field  (H) .  However,  there  ia 
no  observational  evidence  for  the 
Schmidt-Bauer  currents.  The  aerosol 
current  (Xa)  proposed  in  the  present 
paper  is  nothing  but  what  has  been  visua¬ 
lised  by  Schmidt-Bauer.  These  currents 
occur  over  turbulent  length-scale  of 
about  200  m  and  henca  could  not  ba 
datactad  during  single  point  observa¬ 
tions  ,  Xndaad,  the  Is  currant  has  been 
actually  observed  in  the  telegraph  wires 
along  the  mountain  slopes  in  certain 
locations  (17) .  The  new  mechanism 
proposed  can  thus  also  provide  the  phy¬ 
sical  explanation  for  the  observed 
variations  in  the  horizontal  geomagnetic 
field  (H). 

One  of  the  observational  evidences 
for  the  vertical  mass  exchange  as  the 
generation  inachanlsm  for  the  atmospheric 
eloctrlc  phenomenon  Is  described  below 
The  measured  values  of  air-earth 
current  density  are  found  to  ba  only 
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half  of  those  obtained  by  computing  the 
air-earth  current  density  using  the 
atmospheric  electric  field  and  conducti¬ 
vity  values  (18)  .  This  apparent  discre¬ 
pancy  in  the  values  of  air-earth  conduc¬ 
tion  current  obtained  by  the  above  two 
methods  can  be  explained  as  follows. 

The  atmospheric  electrical  conducti¬ 
vity  (a)  measured  by  conventional  methods 
can  be  expressed  as 

A  -  (n+w++n_w_)e  (7) 

where  n  is  the  small  ion  concentration, 
w  its  mobility  and  «  the  electronic 
charge.  Hence  the  air-earth  conduction 
current  (Ip)  computed  as  the  product  of 
the  atmospheric  electric  field  (F)  and 
the  conductivity  is  given  as  follows. 

7,_  -  F.A  (8) 

? 

In  the  direct  method,  the  conducti¬ 
vity  is  obtained  as  the  inverse  of  the 
atmospheric  relaxation  time  l.e.,  time 
taken  for  the  potential  of  a  charged 
conductor  to  drop  to  1/eth  (e  •  base  of 
natural  logarithm)  of  its  initial  value 
by  atmospheric  conduction.  In  this  case 
the  charge  leakage  occurs  by  conduction 
due  to  small  ions .  The  number  of  small 
ions  available  for  conduction  is  only 
half  of  the  total  number  available  since 
the  other  half  of  the  small  ion  concen¬ 
tration  is  involved  in  turbulent  vertical 
mixing  due  to  vertical  mass  exchange. 

Thus  the  conductivity  (An)  measured 
by  the  direct  method  -  X/2.  Hence  the 
air-earth  current  (In)  measured  by  the 
direct  method  ■  F.A /I  ■  Ip/ 2.  Thus  the 
observed  discrepancy  between  the  direct 
and  indirect  methods  of  determination  of 
the  eir-earth  conduction  current  density 
is  explained. 

APPLICATION  OF  NEW  MECHANISM  TO  STATIC 
ELECTRIFICATION  IN  THE  ATMOSPHERE 

It  waa  shown  earlier  that  the  atmos¬ 
pheric  aerosol  current  is  expressed  as 

XA  -  9j5V  (N++N_++Tl+t+n^)e  (9) 

As  a  result  of  this  earosol  current  let 
there  be  an  accumulation  of  an  excess 
positive  apace  charge  a  at  any  level  A  as 
compared  to  that  at  the  lower  level  B. 
Also,  let  oA  and  oB  represent  the  space 
charge  densities  at  A  and  B  respectively. 

The  potential  difference  dF  genera¬ 
ted  between  the  two  levels  A  and  B  du* 
to  their  unequal  space  charge  densities 
can  be  expressed  as  follows. 

dF  .  -  f  (10) 

where  e0  is  the  permittivity  of  free 
space.  The  potential  gradient  in  the 
space  between  AB  "  dF/dx,  where  dis  is  the 
vertical  distance  of  separation  between 


A  and  B.  This  potential  gradient  is 
conventionally  taken  to  be  positive 
when  a  ie  positive.  Thus  negative  poten¬ 
tial  gradients  are  associated  with  an 
excess  negative  apace  charge  overhead. 

The  vertical  mass  exchange  raaulting 
from  the  gravity  wave  feedback  mechanism 
can  also  explain  many  of  tha  observed 
phenomenon  e.g.,  intense  electrification 
of  duet  storms  Ilka  Harmattan  dust  (1), 
lightning  activity  following  volcano 
eruption  (4)  and  very  high  electric 
fields  in  plumes  emitted  from  power  plant 
■tacks  (5 ,6)  . 

Tha  magnitude  of  tha  static  electri¬ 
city  generated  in  the  atmosphere  is 
dependent  on  the  intensity  of  tha  sur¬ 
face  frictional  turbulence,  ccnvectiva 
activity  and  dust  load  in  the  atmosphere. 
The  new  theory  proposed  for  tha  genera¬ 
tion  of  static  electricity  in  the  atmos¬ 
phere  will  have  useful  applications  in 
the  prediction  and  mapping  of  electric 
fields  in  the  environment  of  apace 
vehicle  launching  sltaa,  super  thermal 
power  plants  and  explosive  testing/ 
storage  aitea . 
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Fig.  1  -  Location  of  the  Satpura  thermal 
power  plant  and  observational  sites 


Fig.  2  -  Plume  emitting  from  stacks 
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?ig.  3  -  Location  of  lightning  arresters 
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Fig.  4  -  Atmospheric  electric  field  in 
the  upwind  and  the  downwind  regions  of 
the  power  plant 
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Fig.  5  -  Large  eddies  (vortex  rolls)  and 
turbulent  eddies  in  the  atmospheric 
planetary  boundary  layer  (PBL) .  The  tur 
bulent  eddies  are  contained  as  internal 
circulations  along  the  envelop  of  the 
large  eddy.  The  microscale-capping 
inversion  forms  at  the  crest  of  the  large 
eddies  and  rises  upwards  with  the  growth 
of  the  large  eddy 
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ABSTRACT 


ring  Store  Haaarde  -  82,  slnultaneous 
asasurensnta  Mere  eada  of  radar  echoes,  fast 

and  slow  field  changes  and  RF  radiation  froa 
lightning  near  the  Wallops  Flight  Facility. 

RF  radiation  and  radar  echoes  were  also 
obtained  during  periods  when  the  NASA  F106 
research  aircraft  was  struck  by  lightning. 
These  data  are  presently  being  used  to  better 
understand  the  electrical  processes  which 
occur  during  strikes  to  the  aircraft. 

Fra 1 ini nary  conclusions  based  on  data  obtained 
in  1982  varlfy  that  the  events  recorded  aboard 
the  aircraft  occurred  during  lightning  but 
also  Indicate  that  they  occur  with  surprising 
frequency  very  early  in  the  flash. 
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DURING  THE  SUMMER,  1982,  simultaneous  measure- 
meats  of  radar  echoes  and  electromagnetic 
radiation  from  lightning  were  made  at  the 
Wallops  Flight  Facility  (WFF),  Wallops  Island, 
Virginia.  These  measurements  were  part  of  the 
Storm  Hasards  experiment.  The  electromagnetic 
fields  were  measured  with  fast  end  slow 
field  change  systems  and  also  with  radio 
receivers  tuned  to  several  frequencies  between 
3  and  300  MHs,  and  the  radar  measurements 
were  made  using  the  very  high  resolution  UHF 
radar  maintained  at  the  Wallops  Flight 
Facility.  Measurements  were  made  to  support 
flight  experiments  with  the  NASA  F106  research 
aircraft,  and  data  were  collected  during 
several  storms  during  which  the  aircraft  was 
struck  by  lightning.  Data  were  also  obtained 
during  local  thunderstorms  not  perturbed  by 
the  aircraft.  The  objective  of  these 
measurements  were  to  aid  in  the  Interpretation 
of  data  collected  by  the  F106  and  also  to 
learn  more  about  the  physics  of  lightning. 

During  the  Storm  Hasards  experiment  in 
1982,  electromagnetic  radiation  was  obtained 
during  45  "strikes”  to  the  aircraft  and 
correlated  radiation  and  radar  echoea  were 
obtained  for  more  than  30  events.  These 
cases  indicate  that  the  data  obtained  by  the 
aircraft  occurred  during  lightning  discharges 
and  that  the  events  recorded  on  the  aircraft 
tend  to  occur  quite  early  in  the  flash. 

INSTRUMENTATION 

The  electric  field  change  systems  employed 
in  these  measurements  are  broad  bandwidth 
devices  designed  to  record  changes  that 
occur  in  the  electric  field  at  the  ground 
during  a  lightning  flash.  They  were  based  on 
a  design  by  Krlder  [1]*  and  consisted  of  flat 
plate  antennas  followed  by  an  Integrator 
which  compensates  for  the  capacitive  response 
of  the  antenna  and  also  provides  gain  (1,2]. 

The  integration  time  constant  is  chosen  to  be 
long  compared  to  the  time  scale  of  events  of 
Interest.  Two  systems,  similar  except  for  the 
time  constant,  were  used.  The  time  constant 
for  the  "slow"  electric  field  change  system 
was  about  1  second  and  about  1  millisecond 
for  the  "fast"  field  change  system.  The  slow 
electric  field  change  system  has  a  frequency 
response  from  near  d.c.  to  a  few  kiioherti  and 
measures  the  quasi-static  electric  fields  at 
the  ground  due  to  changes  in  charge  in  the 
cloud  12].  The  fast  electric  field  change 
system  has  a  frequency  response  from  near  a 
klloherts  to  several  MHs  end  is  designed  to 
record  radiation  from  the  sharp  transients 
that  occur  during  lightning  events  such  as 
return  strokes  and  stepped  leaders.  The 
signal  from  this  system  normally  is  recorded 
with  a  high-speed  digital  sample  and  hold 

^Numbers  in  parentheses  designate  References 
at  end  of  paper. 


device  (Blomation  Model  8100  vraveform 
recorder)  capable  of  sampling  at  selectable 
rates  up  to  10®  samples/second  and  storing 
2000  samples  per  record. 

At  frequencies  above  a  few  MHz,  radia¬ 
tion  was  monitored  using  d.c.  coupled  A.M. 
radio  receivers .  Measurements  at  3  MHs  and 
30  MHs  were  made  using  a  fixed  tuned  re¬ 
ceiver  developed  for  lightning  research  at 
the  Georgia  Institute  of  Technology  [3]. 

These  receivers  were  used  with  vertical  whip 
antennas  mounted  on  the  ground.  At  frequen¬ 
cies  between  30  MHz  and  300  MHs  the  radiation 
from  lightning  was  recorded  using  commer¬ 
cially  available  radio  receivers  (Watkins 
Johnson  models  WJ-997  and  WJ  8730)  which 
were  modified  to  provide  d.c.  coupled 
output.  Dick-cone  antennas  were  used  at 
thtee  frequencies.  These  receiving  systems 
were  designed  to  operate  at  a  bandwidth  of 
300  kHz . 

The  electronics  for  both  the  RF  re¬ 
ceivers  and  the  electric  fie1 d  change 
systems  were  housed  in  the  Spandsr  Radar 
Facility  at  tha  Wallops  Flight  Facility  and 
the  antennas  were  mounted  a  few  hundred  feet 
from  the  building  on  the  flat  grassy  lawn 
between  Spandar  and  the  UHF  radar.  A  pair 
of  flat  plate  antennaa  were  also  mounted  on 
the  roof  of  the  Spender  Facility  and  were 
generally  used  to  obtain  fast  field  changes. 

The  radar  uaed  in  these  studies  to  detect 
the  ionised  channels  created  by  lightning 
discharges  is  a  UHF  radar  which  operatea  at 
430  MHs  and  haa  an  antenna  60  feet  in  diameter. 
The  radar  transmits  a  pulse  1  pa  long 
once  every  3  ms.  The  antenna  beam  at  this 
frequency  la  about  2.5  degrees  wide  and 
the  range  resolution  with  thlB  pulse  is 
150  meters.  At  100  km  this  radar  scatters 
from  s  resolution  volume  about  4  km  high, 

4  km  wids  and  150  mmtsrs  deep  (range).  The 
radar  could  ba  slaved  to  a  C-band  tracking 
radar  which  followed  the  aircraft  during 
flights.  Thus,  the  aircraft  could  be  contin¬ 
ually  kept  in  the  resolution  volume  of  the 
radar  as  it  moved  through  the  storm  which 
allowed  the  radar  to  see  lightning  channels 
which  developed  near  the  aircraft. 

Data  from  ell  instruments  wars  recorded 
on  a  strip  chert  recorder  end  also  on  analogue 
magnetic  taps  using  an  Aepsx  model  PR-2200 
ins tr mentation  taps  recorder.  The  data 
recordsd  on  tape  included  the  signals  from 
the  feat  and  alow  field  change  systems,  the 
output  from  tha  radio  recaivere,  and  the 
vldao  output  from  the  radar.  In  addition, 
to  obtain  mora  bandwidth,  the  fast  field 
changes  were  recorded  digitally  using  s 
Blomation  8100  waveform  recorder.  The 
waveform  recorder  wee  operated  in  its  pre¬ 
trigger  mode  in  which  the  memory  stores 
data  before  end  after  the  triggering 


signal,  and  the  aye tea  wta  set  to  trigger  when 
the  Input  exceeded  a  preset  threshold.  When 
the  wave lorn  recorder  was  triggered,  a  pulse 
was  sent  to  the  aagnetlc  tape  and  strip  chart 
to  old  In  correlating  these  events  with  the 
other  data.  Afeer  a  trigger  digital  data 
stored  In  the  Bloaation  memory  were  dumped 
rapidly  into  a  buffer  and  the  wavefora  recorder 
was  re-araed.  The  tlae  required  to  complete 
this  cycle  was  less  than  2  as  and  up  to  10  of 
the  2000  word  neaory  units  could  be  stored  in 
the  buffer.  Once  the  buffer  was  full,  or  the 
lightning  flash  ended,  the  buffer  was 
transferred  to  digital  tape.  An  internal 
clock  kept  track  of  the  time  between  triggers 
and  allowed  the  tiae  between  events  to  be 
determined  with  an  accuracy  of  better  than 
10  ps.  The  radar  data  were  recorded  on  magnetic 
tape  and  on  the  strip  chart,  but  for  purposes 
of  processing,  it  was  also  recorded  on  a 
modified  video  cassette  recorder  with  about 
500  kHz  bandwidth.  The  radar  video  was 
recorded  on  the  cassette  for  each  pulse  plus 
the  time  code  and  a  reference  pulse  which 
was  used  when  playing  the  data  back  for 
display  on  an  oscilloscope.  The  data  to  be 
presented  here  were  obtained  by  making  video 
TV  images  from  the  oscilloscope  display.  In 
doing  so,  30  radar  pulses  were  averaged  to 
form  one  video  frame. 

DATA 

Figures  1-3  show  data  collected  during  a 
lightning  flash  which  occurred  at  about  (23 
hra  17  min  27  sec)  on  August  17,  1982,  during 
a  storm  close  to  the  Wallops  Flight  Facility. 
Figure  1  it  a  atrip  chart  summary  of  all  the 
date  collected  for  this  flash.  It  shows 
radiation  at  3,  30,  and  139  MHz,  the  fast  and 
slow  field  changes,  the  pulses  from  the 
digital  waveform  recorder  and  the  raw  radar 
data.  The  alow  field  change  for  this  flash 
conaists  of  a  series  of  abrupt  downward 
steps  typical  of  clcud-to-ground  fleshes 
[2].  Three  steps  can  be  seen  on  close  exam¬ 
ination,  suggesting  a  cloud-to-ground  flash 
with  three  return  strokes.  This  is  cor¬ 
roborated  by  the  feet  field  change  system 
which  produced  three  distinct  pulses. 

The  FF  radiation  la  quite  strong  at  each 
frequency  during  this  flash  with  peaks  clearly 
evident  during  the  return  stroke  phase  of  the 
flash,  although  strong  radiation  peaks  also 
occur  before  and  after  thla  portion  of  the 
flash.  Although  strong  KF  radiation  during 
return  strokes  is  to  be  expected  [4],  it  is 
not  uncommon  to  find  strong  RF  radiation  in 
other  portions  of  the  flesh  [5],  end  in 
feet,  there  is  evidence  to  suggest  that  the 
strongest  RF  radiation  is  associated  with 
intra-cloud  processes  and  not  return 


strokes  [61. 

As  mentioned  above,  the  fast  field 
changes  were  alao  recorded  using  the  Biomstion 
waveform  recorder  and  digital  interface 
described  in  the  preceding  sections.  The 
waveform  recorder  was  aet  to  trigger  on  large 
negative  pulses  for  this  experiment  and  to 
take  data  at  a  rate  of  .05 ^s/aample.  The 
waveform  recorder  was  triggered  four  times 
during  this  flash.  Three  of  these  coincide 
with  the  pulses  recorded  on  the  strip  chert 
from  the  fast  field  change  system.  The  otner 
event  appears  to  have  occurred  early,  before 
the  first  return  stroke.  The  waveforms 
recorded  during  these  four  triggurs  are  shown 
in  Figure  2.  The  Biomatlon  recorded  100  pa 
of  data  each  time  it  triggered  (2000  samples 
x  .05  ps/saispla).  These  data  were  plotted  on 
a  atrip  chart  from  the  digital  tape  to  obtain 
Figure  2.  Although  the  amplitude  in  V/r»  *  J 
not  accurately  known  for  these  radiation 
fields,  the  relative  amplitude  between  events 
is  correctly  displayed  in  the  figure.  Also, 
although  the  time  la  only  correct  to  the 
synchronization  accuracy  of  the  time  code 
generator  (about  50  pa),  the  relative  time 
between  events  is  accurate  to  better  than  10  ps. 
The  first  event  in  Figure  2  (23  hrs  17  min 
26.841  sec)  is  a  sequence  of  regular  pulsaa 
typical  of  radiation  from  stopped  leaders 
preceding  first  return  strokes  [1,7].  The 
same  periodic  train  of  pulsaa  can  also  be 
seen  preceding  the  second  event  in  Figure  2 
(23  hrs  17  min  26.890  sec).  This  second 
event  has  a  shape  which  is  typical  of  radiation 
from  first  return  strokes  [8,9,10,11].  It 
possesses  an  initial  ramp-like  portion 
followed  by  a  sharp  rise  to  peak  and  then  an 
Irregular  decay  back  toward  zero  which  is 
typical  of  first  return  strokes.  The  third 
event  (23  hrs  17  min  26.946  sec)  is  something 
of  a  surprise  because  it  also  has  the  charac¬ 
teristics  of  a  first  return  stroke,  where** 
one  would  have  expected  to  have  seen  a  waveform 
more  like  the  last  one.  A*  will  be  shown 
below,  the  radar  data  during  the  early  phase 
of  thU  flash  indicates  ionized  channels  in 
two  different  locations  and  developing  about 
60  ms  apart,  suggesting  that  in  this  flash 
the  second  return  stroke  may  not  have  followed 
the  path  of  the  previous  stroke  but  ionlwd 
its  own  channel.  The  last  event  is  small 
but  has  a  shape  commonly  encountered  in 
subsequent  return  strokes  [8,11]. 

Figure  3  is  j  sequence  of  photographs 
showing  the  radar  signal  received  during  this 
flash.  Each  photograph  represents  the  average 
of  30  rader  returns.  They  are  photographs  of 
the  video  (TV)  frames  made  from  an  oscilloscope 
display  of  the  data  on  the  cassette  recorder. 
The  vertical  txls  is  intensity  of  the  scattered 
signal  (powwr)  end  the  horizontal  axis  is 
distance  in  kilometers.  The  first  frame 
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(23  hrs  17  min  26.87  sec)  shows  the  rad^r 
return  prior  to  the  beginning  of  the  lightning 
flash.  The  second  frame  shows  the  radar 
return  just  after  the  flash  has  begun  (l.e. , 
the  first  evidence  of  an  echo  appears).  The 
spike  to  the  right  of  center  in  the  photograph 
is  from  the  lightning  channel.  One  frame 
(photograph)  was  made  every  30  ms  and  the 
times  on  the  figures  indicate  the  time  when 
the  data  was  recorded  to  within  about  30  ms. 

The  frames  shown  have  been  selected  from  a 
great  many  to  illustrate  the  stages  that  the 
echo  went  through  in  the  course  of  this 
flash.  There  were  several  frames  of  data 
between  the  first  photograph  (23  hrs  17  min 
26.87  sec.)  and  the  second  (23  hrs  17  min 
26.94  sec)  shown  here.  The  echo  was  first 
discernable  at  about  (23  hrs  17  min  26.90 
sec)  but  the  photograph  shown  here  (two 
frames  later)  was  cnosen  for  display  because 
It  shows  the  ucho  more  clearly.  About  two 
frames  (60  ms)  after  the  first  echo  appears, 
a  second  echo  appeared  in  a  different  location 
and  is  .hewn  in  its  fully  mature  form  in  the 
frame  made  at  (23  hrs  17  min  27.05  sec). 

The  fast  field  changea  also  Indicate  about 
60  ms  between  the  first  two  return  strokes 
(Figure  2).  This  second  echo  perciats  for 
several  tenths  of  a  second  broadening  and 
changing  shape  somewhat,  whereas  the  first 
echo  disappears  quite  soon  after  it  appeared. 
Toward  the  end  of  the  flash,  a  third  echo 
(illustrated  by  the  frame  at  23  hra  17  min 
27.33  sec)  appeared.  It  occurs  well  after 
the  returr  stroke  phase  of  this  flash  is 
over  and  coincides  well  with  Che  large  burst 
of  RF  radiation  evident  in  Figure  1  in  the 
late  stages  of  the  flash.  This  third  echo 
is  short-lived,  and  has  disappeared  by  about 
(23  hrs  17  min  27.43  sec).  All  evidence  of 
Ionized  channels  eventually  ends  at  (23  hrs 
17  min  27.60  sec)  about  640  ms  after  the 
flash  began.  This  duration  corresponds  well 
with  the  duration  of  the  flash  as  determined 
from  the  record  of  RF  radiation  in  Figure  1. 
After  the  flash  Is  over,  the  radar  return 
again  haa  the  form  shown  In  the  first  frame 
In  Figure  3. 

The  comblnaticn  of  radar  echoes,  RF 
radiation,  and  electric  field  changes  paint  a 
clearer  picture  of  this  flash  than  either  set 
of  data  could  provide  alone.  This  flash 
appears  to  have  been  a  cloud-to-ground 
discharge  with  three  return  strokes,  the 
first  two  following  their  own  (different) 
paths,  and  the  third  being  a  subsequent  stroke 
most  likely  following  the  path  of  the  second 
return  stroke.  In  addition,  toward  the  end 
of  this  flash,  what  appears  to  be  a  strong 
Intra-cloud  event  took  place  somewhat  displaced 
from  either  return  stroke. 

The  summer  of  1982  was  the  first  time  that 
coordinated  measurements  of  UHF  radar  echoes 


and  radiation  fields  from  lightning  had 
been  tried  at  WFF,  and  all  instrumentation 
problems  weren't  solved  until  late  in  the 
summer.  However,  several  good  examples  were 
obtained  during  storms  on  August  11  and  August 
17  which  are  now  being  analyzed.  One  objective 
of  this  analysis  is  to  compare  cloud-to-ground 
and  intra-cloud  flashes  to  see  if  quantitative 
differences  in  their  echo  structure  can  be 
identified  and  we  hdfce  to  report  results  of 
these  studies  in  the  near  future. 

DATA  COORDINATED  WITH  AIRCRAFT 

During  the  summer  of  1982,  data  waa  also 
collected  during  storms  penetrated  by  the 
NASA  F106  research  aircraft.  Unfortunately, 
most  of  these  storms  were  too  far  from  the 
Wallops  Flight  Facility  to  obtain  slow  electric 
field  chanpey,  and  equipment  problems  with 
one  system  or  the  other  prevented  simultaneous 
records  of  fast  field  changes  and  radar  echoes 
to  be  obtained  at  times  when  the  aircraft  was 
struck  by  lightning.  However,  simultaneous 
records  of  RF  radiation  and  radar  echoes  were 
obtained  on  several  flights  and  yielded  good 
data  on  occasions  when  the  aircraft  reported 
a  "strike".  This  data  la  described  below. 

Our  objective  in  this  initial  study  was 
to  examine  times  when  the  instrumentation  on 
the  aircraft  wbb  triggered  to  see  if,  in  fact, 
these  events  corresponded  to  the  occurrence 
of  lightning  and  to  see  if  this  lightning  was 
in  any  way  unusual.  The  trigger  times  of  the 
modified  Biomatlon  waveform  recorder  aboard 
the  aircraft  were  selected  as  the  definition 
of  the  event.  Then  the  records  of  RF  radiation 
and  radar  echoes  were  examined  at  these  times. 
Figure  4  is  an  example  of  radiation  received 
at  3  KHz  during  flight  #34  on  July  30,  1983. 

About  40  seconds  of  data  Is  shown  near  (19  hrs 
55  min  28.75  sec)  when  the  aircraft  reported 
a  Binmatlon  trigger.  The  trigger  occurred  at 
the  very  beginning  of  the  strong  flash  shown 
in  the  middle  of  the  figure.  The  fact  that 
the  aircraft  trigger  occurred  early  in  ths 
flash  was  typical  of  the  RF  data  collected 
during  1982  [12].  Figure  5  is  a  histogram 
made  from  45  events  which  correlated  with 
RF  radiation  at  WFF.  It  shows  the  location 
of  the  aircraft  events  measured  from  the 
beginning  of  the  flash  and  plotted  as  s 
percentage  of  the  duration  of  the  flash.  The 
beginning  and  duration  were  determined  from 
the  RF  radiation  at  3  MHz.  It  is  clear  from 
the  figure  that  the  Biomatlon  triggers  tended 
to  occur  early  on  the  flash.  It  was  most 
probable  to  find  the  aircraft  event  in  the 
firBt  10-20%  of  the  flash  and  the  mean  was 
about  29%. 

The  UHF  radar  was  also  operating  on  July  30 
aud  recorded  an  echo  during  the  event  shown 
in  Figure  4.  The  first  four  frames  of  radar  data 
for  this  flash  are  shown  in  Figure  6.  The 
sharp  pulse  in  the  first  frame  (19  hrs  55  min 
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29.7  sec)  is  the  radar  return  scattered  from 
the  aircraft  just  before  the  flash  began.  In 
the  second  frame  (19  hrs  55  min  29.8  sec)  the 
outline  of  an  echo  from  lightning  can  be  seen 
superimposed  on  the  return  from  the  aircraft. 

This  echo  becomes  more  distinct  and  grows  in 
amplitude  and  spatially  in  the  succeeding  frames. 
The  interesting  feature  of  the  radar  echo  is 
that  it  appears  to  begin  right  at  the  location 
of  the  aircraft.  This  was  not  always  the 
case  as  is  evident  in  Figure  7  which  shows 
the  first  four  frames  of  the  radar  return 
during  flight  #37  on  August  6,  1982,  during 
an  event  at  about  near  (19  hrs  50  min  04  sec). 

In  this  case,  the  radar  indicates  a  channel 
which  developed  several  kilometers  from  the 
aircraft  and  then  grew  in  spatial  extent  to 
eventually  include  the  resolution  volume  in 
which  the  aircraft  was  located.  Of  more 
than  35  events  recorded  during  the  summer  of 
1982,  (i.e.  aircraft  events  during  which 
there  were  both  RF  radiation  and  radar  echoes) 
less  than  10X  were  nearby  flashes  of  the  form 
shown  in  Figure  7.  The  overwhelming  majority 
had  echo  patterns  such  as  that  shown  in  Figure 
6. 

A  final  example  of  data  recorded  during 
the  aircraft  flights  is  shown  in  Figures  8  and 
9  for  a  flash  recorded  at  about  (22  hrs  34  min 
48  sec)  on  August  9,  1982,  during  flight  #40. 

The  aircraft  recorded  an  event  at  (22  hrs  34  min 
47.86  sec)  and  Figure  8  shows  the  RF  data  at 
3  MHz  and  30  MHz  recorded  at  this  time  as 
well  as  the  unprocessed  radar  video  signal. 

This  example  was  obtained  from  magnetic 
tape  by  playing  the  data  back  at  slow  tape 
speed  to  obtain  very  high  time  resolution. 

This  was  done  with  most  events  to  clearly  show 
the  detail  of  the  radiation  signal.  The 
rador  echo  began  at  about  (22  hrs  34  min 
47.67  sec)  for  this  flash  and  persisted  for 
about  550  ms  until  about  (22  hrs  34  min 
48.22  sec).  The  beginning  of  the  .echo  is 
apparently  associated  with  the  large  pulse  of 
RF  radiation  occurring  in  the  center  of  the 
flash.  On  several  occasions,  the  beginning 
of  the  radar  echo  was  associated  with  large 
pulses  in  the  RF  radiation.  This  flash  is 
somewhat  unusual  in  that  the  radar  echo  and 
aircraft  event  occur  in  the  middle  of  the 
flash.  It  is  also  unusual  in  that  the  dura¬ 
tion  of  the  RF  radiation  is  quite  JLong, 
about  1.5  seconds.  There  is  a  strong  possi¬ 
bility  that  this  is  not  one  flash,  but  rather 
two  overlapping  flashes  (the  RF  system  is 
omni-directional  and  therefore  receives 
radiation  from  all  storms  within  range  of 
the  system  at  the  same  time).  For  example, 
in  18  cases  of  good  quality,  high  time  resolu¬ 
tion  data  studied  so  far,  the  RF  signal 
divided  naturally  into  two  quite  distinct 
classes:  flashes  whose  duration  was  less  than 
one  second  (the  average  was  .67  sec),  and  those 


whose  duration  was  greater  than  one  second 
(average  “  1.85  seconds).  Most  examples 
(67X)  were  in  the  first  category.  The  length 
of  the  flashes  in  the  second  category  strongly 
suggests  overlapping  flashes .  The  interesting 
feature  of  these  two  classes  is  that  in  every 
one  of  the  former  (short  flashes)  the  radar 
echo  and  aircraft  event  occurred  right  at 
the  very  beginning  of  the  flash,  on  the 
average  within  70  ns  of  the  first  noticeable 
RF  radiation.  In  the  second  class  (very 
long  flashes)  the  radar  echo  and  aircraft 
event  occurred  on  the  average  0.60  seconds 
from  the  beginning  of  the  RF  radiation.  The 
implication  is  that  the  events  recorded 
aboard  the  aircraft  occur  toward  the  beginning 
of  the  flash  with  even  more  frequency  than 
indicated  in  Figure  5.  This  is  so  because 
the  histogram  was  obtained  using  all  flashes, 
including  those  of  the  second  class,  and 
these  may  vary  well  have  been  overlapping 
flashes  with  the  aircraft  event  actually 
occurring  at  the  beginning  of  one  them. 

CONCLUSION 

The  combination  of  radar  echoes  from 
lightning  channels  and  the  electric  field 
changes  and  radiation  at  radio  frequencies 
from  the  flash  promise  to  offer  improved 
insight  into  the  structure  of  lightning. 

Those  date  are  presently  being  used  to  help 
understand  the  lightning  which  occurs  during 
strikes  to  the  NASA  F10&  research  aircraft  as 
part  of  Storm  Hazards.  Preliminary  conclusions 
based  on  data  obtained  during  1982  verify  that 
the  ('.vents  recorded  on  the  airplane  occurred 
during  lightning  flashes,  but  also  indicates 
that  they  occur  with  surprising  frequency 
very  early  in  the  flash. 
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Fig.  1  -  Strip  chart  record  showing  data 
collected  on  August  17,  1982,  at  about  (28  hre 
17  atn  27  aec)  during  a  atom  dose  to  the 
Wallope  Flight  Facility,  Wallops  Island,  VA 
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AUGUST  17,  1982 

23  HRS  17  MIN  27  SEC 
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Fig,  2  -  Fast  electric  field  changes  recorded 
on  the  Bioaation  waveform  recorder  on  August  17, 
1982  during  the  lightning  flash  shown  In 
Figure  1.  The  Bloeatlon  stapling  rate  was 
.05  ns/saxple 
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Fig.  3  -  Representative  frames  showing  UHF 
radar  data  obtained  on  August  17,  1982,  for 
the  flash  shown  in  Figure  1 
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Fig.  4  -  A  atrip  chart  record  of  radiation  at 
3  MH*  recorded  on  July  30,  1983,  during  flight 
#34.  The  aircraft  recorded  an  event  at  (19  hra 
55  ailn  29.75  aec) 


PERCENT  OF  FLASH  DURATION 


5  —  Histogram  showing  the  occurrence  of 
eventa  recorded  aboard  the  aircraft  measured 
from  the  beginning  of  the  lightning  flash  and 
plotted  as  a  percentage  of  the  duration  of  the 
flash.  Flash  duration  was  determined  from 
records  of  IF  radiation  at  3  KHx 
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rig.  6  -  Tha  first  four  fraa»aa  of  UHF  radar 
data  at  tha  baginning  of  tha  flaah  on  July  30 
1982,  shown  In  Figure  4 
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rig.  7  -Tha  first  four  f rases  of  UiF  radar 
data  for  a  flaah  oo  August  6,  1982,  during 
flight  #37  which  atartad  osar  tha  aircraft 
and  than  spread  to  include  It 
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RELATIONSHIPS  BETWEEN  LIGHTNING  OCCURRENCES  AND  RADAR  ECHO 
CHARACTERISTICS  IN  SOUTH  FLORIDA 

Ronald  L.  Holla,  Raul  I.  Lopes  and  Wllllaa  L.  Hlacox 

Weather  Research  Project 
Rnvlronaental  Research  Laboratories 
National  Ocaanic  and  Ataoepherlc  Adalnietratlon 
Boulder,  Colorado  80303 


ABSTRACT 


Locations  of  cloud-ground  lightning  flaahaa  vara  racordad  during  19/8  in  aouth 
Florida (  concurrently,  radar  data  war a  dlgltiaad  o»ar  a  wide  variety  of  aataorological 
conditions.  Analyses  ihw  that  a  aharp  dlffaranca  exlrts  bataaan  tha  frequency 
distributions  of  1)  radar  calls  (reflectivity  aaxlaa)  asaoclatad  with  lightning 
flaahaa,  which  paakad  at  48  dla,  and  2)  colla  without  lightning,  which  paakad  at 
18  dBs,  Similar  raaulta  also  apply  for  an  araa  savaral  klloawtars  around  a  flash, 
and  lndlcata  that  only  20X  of  tha  radar  data  (abova  30  dBa)  accountad  for  naarly 
70X  of  tha  collocated  lightning,  othar  raaulta  spadfylng  tins  ralatlona,  call 
araaa,  and  nuaibar  of  flaahaa  ara  also  described. 
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LIGHTNING  AND  RADAR  DATA  were  collected  during 
the  sumror  of  1978  In  south  Florida  as  part  of  a 
study  of  the  modification  potential  of  convec¬ 
tive  clouds  during  F^pE,  the  Florida  Area  Cumu¬ 
lus  Experiment  (1,  2)  .  Tho  analyses  of  convec¬ 
tion  in  this  area  as  part  of  FACE  have  lead  to  a 
significant  growth  In  knowledge  of  storm*  over 
Interior  Florida  on  scales  ranging  from  Individ¬ 
ual  clouds  to  large-scale  environmental  Influ¬ 
ences  and  Interactions  (3).  In  the  process  of 
studying  precipitation  In  this  area,  character¬ 
istics  of  the  radar  and  lightning  data  have  be¬ 
come  known  well  enough  to  make  detailed  studies 
of,  and  comparisons  between  these  two  data  sets. 
While  the  electrical  behavior  of  Florida  clouds 
has  been  reported  for  the  Kennedy  Space  Center 
area  (4,  5,  6),  there  have  not  been  extensive 
studies  of  how  lightning  flashes  relate  to  radar 
reflectivity  characteristics  using  large  sam¬ 
ples.  In  this  paper,  detailed  relationships  be¬ 
tween  a  large  number  of  cloud-to-ground  flashes 
and  several  radar  parameters  In  the  vicinity  of 
the  flash  or  echo  are  presented.  In  a  companion 
paper  In  these  proceedings  (7),  flash  popula¬ 
tions  are  stratified  by  synoptic-scale  regimes 
for  the  same  data  set  as  described  here.  Based 
on  experience  from  analyzing  data  sets  In  detail 
for  south  Florida,  this  pair  of  papers  shows  how 
flash  and  precipitation  echo  phenomena  relate  to 
each  other  on  several  seal as;  these  studies  ap¬ 
pear  to  have  no  precedent,  especially  In  view  of 
the  large  sample  sizes  analysed  for  the  present 
study. 

DATA  ANALYSIS  METHODS 

INTRODUCTION  -  Radar  data  were  digitally 
recorded  from  the  WSR-S7  radar  operated  by  the 
National  Hurricane  Center  In  Coral  Gables,  Flor¬ 
ida  (Fig.  1).  Base  scans  were  made  by  this  ra¬ 
dar  at  a  typical  elevation  angle  of  0.5*.  The 
cloud-to-ground  lightning  data  were  collected  by 
two  direction  finders  manufactured  by  Lightning 
Location  and  Protection,  Inc.  (8,  9).  To  deter¬ 
mine  the  appropriate  way  to  match  the  radar  and 
lightning  data  collected  during  FACE-2,  several 
aspects  of  the  accuracy  of  both  systems  must  be 
considered.  In  general,  the  raw  radar  data  con¬ 
sist  of  average  reflected  power  values  from 
truncated  pie-shaped  sections  which  gradually 
widen  with  distance  away  from  the  rader.  The 
lightning  data  consist  of  point  values  of  flash 
location  which  decrease  In  accuracy  with  dis¬ 
tance  from  the  two  antennas. 


RADAR  DATA  CHARACTERISTICS  -  The  WSR-57  ra¬ 
dar  at  Coral  Gables  has  a  two-degree  conical 
beam  and  a  gatelength  of  927  m.  Close  to  the 
radar,  fictitious  returns  are  received  due  to 
anomalous  propagation  and  ground  targets;  there¬ 
fore,  data  within  31  km  were  not  Included  In  the 
study.  At  this  distance,  the  beam  Is  less  than 
1  km  In  diameter.  About  150  km  ew*y  the  radar 
beam  attains  a  diameter  of  5  km,  and  a  radar 
data  point  corresponds  to  the  volume  of  a  2* 
truncated  cone  of  5  km  diameter  In  vertical 
cross  section,  but  only  927  m  In  radial  depth. 
Another  factor  to  consider  t;.  the  rising  level 
of  the  center  of  the  radar  beam  with  distance. 
For  this  reason,  It  was  decided  to  limit  the 
study  area  to  about  150  km  where  the  beam's 
height  of  less  than  3  km  did  not  become  an  ex¬ 
cessively  important  factor  In  a  study  with  large 
samples.  It  should  be  noted  that  tho  terrain  in 
south  Florida  is  flat  and  does  not  exceed  10  m 
above  see  level  In  the  region.  A  convenient 
point  of  reference  for  tho  outer  range  was 
chosen  to  be  the  northeast  corner  of  the  FACE 
target  area  (Fig.  1),  which  Is  located  144  km 
from  the  radar.  Radar  data  were  considered, 
then,  In  the  31  to  144  km  range  from  the  radar. 
Within  this  range,  the  raw  radar  data  consist  of 
reflectivity  value*  for  regions  that  have  hori¬ 
zontal  areas  ranging  from  about  1  km  by  1  km  at 
the  closest  range  to  1  km  by  5  km  at  the  far¬ 
thest  rang*. 

LIGHTNING  DATA  CHARACTERISTICS  -  In  1978, 
one  of  the  Lightning  Location  and  Protection, 
Inc.  (LLP)  direction  finders  was  located  south 
of  the  center  of  the  target  area,  and  the  othar 
was  rear  Clewlston  on  the  north  edge  of  the  tar¬ 
get  area  (Fig.  1).  Each  dlractlon  finder  has  a 
random  error  of  i0.87*  from  the  detected  azi¬ 
muth.  This  value  has  bean  determined  from  a 
series  of  ground  truth  studies  of  LLP  sensors  In 
various  locations.  Other  non-random  but  appar¬ 
ently  small  errors  msy  also  have  occurred  for 
which  no  objective  corrections  were  made.  Whan 
the  two  direction  finders  war *  In  the  configura¬ 
tion  used  In  1970,  the  result  is  an  error  around 
each  ground  strike  location  that  varies  from 
less  than  1  km  in  radius  In  a  north-south  region 
between  the  two  detectors,  to  about  2  km  In  rad¬ 
ius  ovar  the  remainder  of  the  area  out  to  144  km 
from  the  radar.  The  region  of  error  Is  circular 
In  most  of  the  area  but  becomes  more  elliptical 
between  the  direction  finders. 


*  Numbers  in  parentheses  designate  References  at  end 
of  paper. 


MATCHING  OF  RADAR  AND  LIGHTNING  DATA  -  At 
the  northeast  corner  of  the  target  area  at  144 
km,  the  raw  radar  bln  represents  Information 
over  approximately  a  1  by  5  km  region,  and  the 
lightning  direction  finder  data  Indicate  flashes 
In  a  circular  or  elliptical  area  with  a  diameter 
of  up  to  4  km  around  the  recorded  flash  loca¬ 
tion.  If  a  much  larger  area  were  used,  the 
width  of  the  radar  bln  would  exceed  5  km  and  the 
radar  beam's  center  would  be  over  3  km  above  the 
ground;  In  addition,  the  random  errors  In  the 
lightning  data  become  larger.  However,  a  larger 
area  also  Increases  the  sample  size.  In  con¬ 
trast,  reducing  the  analysis  range  to  closer 
than  144  km  decreases  the  sample  size.  And,  the 
lightning  data  accuracy  would  not  Improve  since 
the  direction  finders  were  located  80  to  130  km 
west  and  northwest  of  the  radar.  Some  results 
will  be  presented  to  show  how  the  relationships 
are  affected  If  smaller  ranges  are  used. 

The  raw  radar  data  were  recorded  with  posi¬ 
tions  that  have  been  found  In  prevlr  •  r'ACF, 
studies  to  be  somewhot  In  error  In  azimuth  and 
gatelength  from  day  to  day.  Corrections  were 
obtained  by  matching  lightning  flashes  with  the 
radar  data;  different  corrections  were  Intro¬ 
duced  and  the  one  that  maximized  the  match  was 
used.  The  assumption  was  made  that  the  best 
match  occurred  when  the  highest  average  reflec¬ 
tivity  was  associated  with  all  of  the  lightning 
flashes  for  the  day.  Every  flash  was  associated 
with  a  radar  bln  of  the  scan  nearest  In  time. 
On  most  days,  the  azimuth  correction  was  2  to 
4*,  and  occasionally  6  to  8*,  for  the  best 
matches,  always  In  the  same  direction.  The 
gatelength  was  adjusted  by  a  few  maters  per  bln 
on  most  days;  this  represented  a  total  of  a  few 
km  In  radial  position  when  accumulated  at  the 
farthest  range.  These  corrections  are  similar 
In  magnitude  to  the  results  found  by  other  FACE 
researchers  when  matching  radar  bins  to  rain 
gage  and  aircraft  cloud  penetaratlon  data,  al¬ 
though  the  dally  values  are  not  Identical. 
There  was  a  tendency  for  poorer  matches  when 
lightning  activity  was  light. 

RADAR  CELLS  RELATED  TO  LIGHTNING 

INTRODUCTION  -  The  Individual  convective 
elements  of  a  thunderstorm  have  variable  sizes, 
durations.  Intensities,  and  other  parameters 
depending  on  the  activity  of  the  cloud.  These 
Individual  convective  elements  correspond  to 
radar  echo  cells.  For  these  analyses,  a  radar 
echo  cell  has  been  defined  as  an  area  en¬ 
compassing  a  maximum  In  reflectivity  relative  to 
the  surrounding  returns.  Any  time  tf»en  there  Is 
a  raw  radar  bln  (or  a  group  of  contiguous  bins) 
whose  reflectivity  Is  greater  than  all  sur¬ 
rounding  returns,  a  cell  has  been  Identified. 
The  cell's  area  Is  found  by  examining  the  sur¬ 
rounding  lower  reflectivities  out  from  the  max¬ 
imum  until  the  reflectivity  reaches  a  trough  and 
starts  to  Increase  again,  or  until  the  boundary 
of  the  echo  Is  reached.  An  echo  may  contain  one 
or  more  cells. 


RADAR  CELLS  AND  LIGHTNING  FLASHES  DISTRIB¬ 
UTED  BY  REFLECTIVITY  -  The  Initial  results  to 
consider  are  comparisons  of  lightning  and  radar 
reflectivity  distributions  within  these  objec¬ 
tively-determined  radar  cells.  Figure  2  shows 
frequency  distributions  of  peak  radar  reflec¬ 
tivity  for  cells  without  lightning  (dashed  line) 
and  with  lightning  (solid  line)  within  their 
different  areas.  The  distribution  of  cells 
without  lightning  has  a  peak  frequency  at  18 
dBz,  while  the  distribution  for  the  cells  with 
lightning  present  peaks  sharply  at  46  dBz. 
Cells  with  lightning  do  not  have  weak  reflec¬ 
tivity  very  often,  but  usually  have  peak  values 
above  36  dBz.  The  drop  In  the  number  of  light¬ 
ning-associated  cells  with  high  reflectivities 
Is  more  dramatic  than  the  rise  from  weaker  re¬ 
turns.  However,  rather  few  cells  have  reflec¬ 
tivities  above  50  dBz. 

The  preceding  results  have  Indicated  a 
sharp  difference  between  the  reflectivity  dis¬ 
tributions  of  cells  with  and  without  flashes. 
These  two  curves  can  be  combined  by  calculating 
the  percentage  of  all  cells  at  each  reflectivity 
value  that  have  lightning  associated  with  them. 
Figure  3  shows  such  a  result  on  another  day  In 
1978  In  terms  of  the  probability  of  the  presence 
of  lightning  associated  with  different  peak  re¬ 
flectivities.  There  Is  a  very  low  probability 
of  a  cell  having  lightning  when  Its  peak  reflec¬ 
tivity  Is  below  30  dBz,  then  the  probability  In¬ 
creases  rapidly  to  over  50*  at  50  dBz,  followed 
by  an  abrupt  decrease  beyond  52  dBz.  With  re¬ 
gard  to  this  decrease,  It  Is  not  clear  whether 
lightning  activity  In  south  Florida  Is  less  com¬ 
mon  for  strong  returns  because  lightning  flashes 
are  not  associated  with  heavy  rainfall,  or  the 
sample  of  one  day  has  very  few  strong  echoes  and 
the  result  occurs  by  chance.  Other  rainy  days 
In  1978  have  been  analyzed  and  show  a  rather 
similar  distribution,  so  that  the  first  option 
Is  more  likely  to  be  the  reason. 

RADAR  CELL  CHARACTERISTICS  RELATED  TO 
LIGHTNING  -  The  number  of  flashes  per  cell  Is 
shown  In  Fig.  4  to  be  rather  Invariant  for  cell 
reflectivities  less  than  44  dBz,  then  the  number 
rapidly  Increases.  This  number  of  flashes  Is 
for  the  time  of  the  radar  sweep  and  2.5  minutes 
on  either  side. 

The  frequency  of  lightning  Increases  with 
the  size  of  the  radar  cell  rather  steadily  (Fig. 
5).  Very  few  of  the  large  number  of  cells  with 
areas  under  50  km2  have  lightning  associated 
with  them,  however,  the  percentage  rises  to  over 
half  when  the  cell  Is  larger  than  150  kmz. 

A  brief  analysis  of  the  nature  of  these 
radar  cells  on  16  August  1979  Indicates  that 
lightning  was  associated  with  only  0.2*  of  new 
cells.  All  other  types  of  cells,  consisting  of 
mergers,  splits,  continuations,  etc.  had  light¬ 
ning  over  4%  of  the  time.  These  figures  Imply 
that  lightning  Is  associated  with  cells  In  a  way 
that  Is  dependent  on  duration,  which  will  be  ex¬ 
plored  later  In  more  detail. 
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LIGHTNING-CENTERED  AREA  RESULTS 


INTRODUCTION  -  The  discussions  of  cell  re¬ 
sults  In  the  previous  section  have  shown  well- 
defined  relationships  between  lightning  flashes 
and  radar  reflectivities  In  the  same  locations 
at  Individual  times.  The  objective  analysis  of 
large  numbers  of  cells,  however,  Is  very 
complex.  For  this  reason,  only  one  day  has  been 
considered  for  each  study  In  the  preceding  sec¬ 
tion,  and  not  much  time  variation  has  been  taken 
Into  account.  However,  although  the  cell  with 
variable  area  Is  a  better  measure  of  the  convec¬ 
tive  element,  a  simpler  method  has  been  used  to 
analyze  a  large  sample  of  radar  echoes  for  re¬ 
lationships  between  lightning  and  the  adjacent 
area  surrounding  the  flash. 

For  this  study  of  the  reflectivity  sur¬ 
rounding  a  flash,  the  term  "local  area"  Is  used 
to  distinguish  It  from  the  radar  cell.  Recall 
from  earlier  discussions  that  radar  data  are 
nonuniform  with  range,  varying  from  1  km  by  1  km 
at  the  nearest  distance  to  1  km  by  5  km  at  the 
farthest  distance.  The  radial  depth  of  the 
radar  bln  Is  fixed  at  927  m.  To  equalize  this 
effect,  the  "raw  radar  bins"  were  used  to  con¬ 
struct  1  km  by  5  km  "composite  radar  bins."  The 
number  of  raw  bins  that  were  used  varied  with 
range  from  the  radar.  The  combination  was 
chosen  to  attain  an  area  as  close  to  a  5  km 
width  as  possible.  The  method  Involved  a 
decision  about  which  of  the  following  was  closer 
to  5  km:  I)  the  Individual  raw  radar  bln,  2) 
the  raw  radar  bln  plus  A  pair  of  bins  on  either 
side,  or  3)  the  bln  plus  two  pairs  of  bins  on 
either  side.  The  reflectivity  of  the  composite 
radar  bln  was  calculated  by  averaging  the  values 
of  the  smaller  raw  radar  data  bins.  Including 
zeroes.  The  resolution  of  the  reflectivity  data 
Is  rendered  much  less  range-dependent  by  this 
method,  and  Is  equivalent  to  that  at  144  km  from 
the  radar. 

To  study  the  association  of  lightning  with 
radar  reflectivities,  the  1  by  5  km  composite 
radar  bins  were  assembled  Into  an  area  of  5  km 
by  S  km  around  the  composite  radar  bln  con¬ 
taining  the  flash.  The  radial  distance  from  the 
flash  to  the  edge  of  the  "local  area"  Is  then 
between  2  and  3  km  In  most  cases. 

LOCAL  AREAS  AND  LIGHTNING  FLASHES  DISTRIB¬ 
UTED  BY  REFLECTIVITY  -  When  local  areas  are  dis¬ 
tributed  by  reflectivity.  Fig.  6  shows  a  very 
similar  result  for  IS  days  compared  to  Fig.  2 
for  the  radar  cells  of  one  day.  These  IS  days 
are  all  GO  days  from  the  FACE  program  tdten  oper¬ 
ations  were  conducted  (2),  and  Include  mostly 
moderate-rainfall  days.  On  the  left  Is  the  dis¬ 
tribution  of  all  local  areas  regardless  of 
lightning  activity',  the  maximum  percentage  fre- 

3uency  occurs  at  18  dBz.  On  the  right  is  the 
Istrlbutlon  of  reflectivities  of  the  6726  local 
areas  which  contained  a  flash.  The  most  fre¬ 
quent  reflectivity  value  of  lightning-associated 
areas  Is  at  46  dBz  { 13%) •  while  there  Is  also  a 
maximum  at  0  dBz  on  the  far  left  side  (15%), 


The  drop  In  the  number  of  lightning-associated 
areas  at  higher  reflectivities  Is  quite  sharp, 
as  In  Fig.  2  for  cells.  The  same  large  differ¬ 
ence  Is  apparent  between  distributions  because 
of  the  presence  of  a  flash.  In  both  distri¬ 
butions,  the  maximum  reflectivity  value  among 
the  5  composite  bins  that  make  the  local  areas 
were  considered.  The  local  radar  areas  were 
considered  In  an  overlapping  mode,  provided  at 
least  .  one  raw  radar  bln  had  nonzero 
reflectivity.  A  total  of  over  one  million 
values  werje  used  to  calculate  the  distribution 
of  all  local  areas  containing  an  echo  In  Fig.  6 
for  15  days  In  1978.  The  radar  scan  was  as¬ 
sociated  with  flashes  occurring  In  the  5  minutes 
following  the  scan. 

Some  of  the  lightning  flashes  coincided 
with  local  areas  that  had  no  reflectivity  values 
In  any  bins.  Figure  6  shows  the  frequency  of 
echoless  flashes  to  be  15*  for  all  15  days  com¬ 
bined,  however,  the  percentage  varied  from  day 
to  day.  In  Fig.  7,  less  than  10%  misses  were 
found  on  days  with  large  lightning  counts  when 
radar  echoes  were  presumably  larger.  Over  20* 
of  the  flashes  were  outside  of  echoes  on  other 
days,  which  tended  to  be  on  days  with  low 
lightning  activity.  It  should  be  mentioned  that 
over  the  15  days,  85*  of  the  lightning  flashes 
are  found  In  local  areas  with  nonzero  reflec¬ 
tivity,  so  that  the  analysis  and  matching  pro¬ 
cedures  are  working  quite  well. 

The  range  dependency  of  the  relationship 
betweeen  lightning  and  reflectivity  Is  shown  In 
Fig.  8.  Closer  to  the  radar  (solid  line),  the 
distribution  of  lightning-associated  reflectivi¬ 
ties  peaks  at  48  dBz,  while  farther  out  It  peaks 
at  44  to  46  dBz.  That  Is,  the  more  distant 
echoes  tended  to  be  weaker,  however  the  general 
shape  of  the  distribution  Is  maintained.  The 
change  In  the  distribution  Is  not  large,  how¬ 
ever,  and  Indicates  that  the  choice  of  the  nom¬ 
inal  5  by  5  km  area  has  minimized  range  depen¬ 
dency  while  allowing  data  to  be  combined  over  a 
rather  broad  area  to  Increase  the  sample  size. 

In  contrast,  when  raw  radar  bins  are  pre¬ 
served  over  a  wide  area,  very  significant  range 
effects  dominate  the  results  (Fig.  9).  These 
data  consist  of  a  raw  radar  bln,  and  Its  ad¬ 
jacent  8  raw  radar  bins,  regardless  of  size.  A 
lightning  flash  which  Is  associated  with  any  of 
the  9  bins  Is  considered  to  be  In  the  neighbor¬ 
hood  of  the  central  bln.  Recall  that  analyses 
In  Fig.  6  were  made  from  31  to  144  km  (78  nml); 
Fig.  9  considers  that  region  In  two  parts  plus 
another  outer  range  section.  On  the  right  half 
of  the  diagram,  from  31  nml  (57  km)  to  50  nml 
(93  km),  flashes  occurred  most  often  at  46  dBz 
for  these  raw  radar  bins.  At  farther  ranges, 
the  distributions  of  radar  bins  with  flashes 
shift  to  lower  values  and  become  rather  flat. 
That  Is,  close  to  the  radar  there  Is  a  peaked 
distribution,  while  farther  out,  flashes 
occurred  rather  evenly  across  a  wide  range  of 
reflectivities.  On  the  left  half  of  the 
diagram,  a  peaked  distribution  of  radar  bins 
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Fig.  1  -  Location  of  analysis  area  for  radar- 
lightning  studies  Is  shown  by  the  annulus  with  a 
dark  outline  to  the  northwest  from  16  to  144  km 
away  from  the  WSR-57  radar  located  In  Coral 
Gables.  Lightning  direction  finders  In  1978 
were  positioned  In  the  southern  portion  of  the 
analysis  region,  and  a  short  distance  south  of 
Clewlston 


Fig.  2  -  Distribution  of  radar  cells  on  5  July 
1978  according  to  the  maximum  reflectivity  (dBz) 
In  the  cell.  Solid  curve  shows  the  distribution 
when  cells  had  at  least  one  flash  In  the  area  of 
the  cell  within  2  1/2  minutes  of  the  radar  scan, 
while  the  dashed  plot  shows  the  distribution 
without  flashes 
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without  flashes  applies  at  all  ranges,  but  the 
highest  value  steadily  shifts  to  lower  reflec¬ 
tivities.  This  represents  a  shift  In  the  raw 
radar  data  with  range  and  Indicates  the  need  to 
take  the  distance  bias  into  account. 

PROBABILITY  OF  FLASHES  DISTRIBUTED  BY  RE¬ 
FLECTIVITY  -  The  probability  of  a  local  radar 
area  having  a  flash  Is  shown  for  these  days  In 
Fig.  10,  The  probabilities  were  computed  as  the 
ratio  between  the  number  of  local  areas  with 
lightning  In  a  given  reflectivity  range  and  the 
total  number  of  local  areas  In  that  reflectivity 
range.  Similar  to  the  cell  results  (Fig.  3), 
there  Is  a  low  frequency  of  flashes  until  the 
local  area's  maximum  reflectivity  exceeds 
44  dBz.  The  probability  decreases  again  above 
50  dBz. 

Cumulative  percentages  (Fig.  11)  show  that 
only  5%  of  the  local  radar  areas  are  associated 
with  50%  of  the  lightning,  and  those  reflectivi¬ 
ties  are  In  excess  of  40  dBz.  It  takes  only  20% 
of  the  radar  data  (above  30  dBz)  to  account  for 
nearly  70%  of  the  lightning.  In  the  upper  right 
Is  seen  a  vertical  line  which  represents  the  re¬ 
maining  15%  of  the  lightning  flashes  which  are 
not  associated  with  echoes. 

From  a  practical  standpoint,  the  concentra¬ 
tion  of  flashes  at  high  reflectivities  holds 
promise  for  a  number  of  applications.  In  order 
to  assess  the  lightning  hazard,  the  stronger 
(but  not  the  strongest)  echoes  are  most  Impor¬ 
tant  In  south  Florida.  If  a  nowcast  or  forecast 
can  be  made  of  these  echoes,  then  the  lightning 
activity  Is  also  quantifiable.  On  a  dally 
basis,  the  amount  of  echo  over  30  or  40  dBz  Is  a 
starting  point  to  consider  for  lightning  activ¬ 
ity. 

TIME  VARIATIONS  OF  REFLECTIVITY  RELATIVE  TO 
FLASH  -  All  of  these  local  area  results  have 
been  for  time-coincident  data;  In  this  case,  the 
radar  scan  was  associated  with  flashes  occurring 
In  the  5  minutes  following  the  scan.  It  Is  also 
Interesting  to  consider  the  association  between 
the  flash  and  the  radar  reflectivity  at  the  same 
fixed  location  before  and  after  the  flash.  In 
Fig.  12,  the  average  reflectivity  In  the  local 
area  (upper  solid  line)  Is  Indicated  to  be  near 
Its  maximum  value  at  or  5  minutes  before  the 
flash.  The  average  reflectivity  at  the  flash 
location  Is  much  weaker  when  the  flash  locations 
are  examined  15  or  20  minutes  earlier,  and  10 
minutes  or  more  later  than  the  flash.  The  dif¬ 
ferences  between  reflectivities  near  the  time  of 
the  flash  are  probably  not  Important.  In  fact, 
when  the  average  reflectivity  Is  calculated  with 
zero  dBz  values  Included,  the  average  reflec¬ 
tivity  has  a  peak  at  the  time  of  the  flash 
rather  than  5  minutes  earlier  (Fig.  12).  The 
lower  line  on  Fig.  12  shows  e.  minimum  of  7%  of 
the  flashes  without  echoes  at  and  5  minutes 
after  the  time  of  the  flash,  and  much  higher 
frequencies  earlier  than  the  flash  time.  The 
asymmetry  in  echoless  flashes  could  be  explained 
by  an  Increase  in  the  size  of  thunderstorms 
after  flashes,  while  they  were  small  before  the 


flashes.  Since  these  results  are  for  a  fixed 
area  at  the  location  of  the  flash,  the  light¬ 
ning-producing  storm's  motion  may  affect  the  In¬ 
terpretation,  as  well  as  growth  of  the  storm. 
For  better  time  relationships,  tracking  radar 
cells  Is  a  more  precise  approach. 

SUMMARY 

The  detailed  analyses  of  large  volumes  of 
radar  and  lightning  data  from  the  summer  of  1978 
in  south  Florida  have  indicated  strong  relation¬ 
ships  In  space  and  time  between  several  relevant 
parameters.  They  have  been  limited  to  WSR-57 
base-scan  radar  data  and  cloud-to-ground  light¬ 
ning  flashes.  Quite  similar  conclusions  were 
reached  both  with  radar  cells  and  local  areas  a 
few  km  around  the  flash.  Namely,  most  lightning 
flashes  are  coincident  with  radar  reflectivity 
peaks  In  the  40  to  50  dBz  range,  compared  to  the 
bulk  of  radar  returns  having  weaker  values.  A 
strong  decrease  In  likelihood  of  lightning  was 
Identified  above  50  dBz.  Lightning  flashes  are 
associated  with  the  highest  reflectivities  and 
lowest  frequencies  of  echoless  local  areas  with¬ 
in  5  minutes  of  the  flash.  Also,  larger  cells 
had  a  higher  probability  of  lightning.  More  ex¬ 
tensive  analyses  of  all  of  these  features  are 
planned  on  the  radar  cell  scale  with  a  view  to¬ 
ward  assessing  the  probabilities  of  flashes 
given  the  cell  size  and  maximum  cell  reflec¬ 
tivity.  When  the  age  of  a  cell  also  Is  taken 
Into  account,  It  may  be  possible  to  nowcast  the 
llkellhoood  of  lightning  as  radar  echos  develop, 
grow,  and  evolve.  The  well-behaved  nature  of 
the  Florida  results  also  Indicates  that  similar 
analyses  should  be  pursued  In  very  different  lo¬ 
cations  to  assess  the  extent  to  which  these  re¬ 
lationships  are  widely  applicable. 
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Fiy.  3  -  Percent  of  cells  on  16  August  1978  with 
at  least  one  lightning  flash  In  the  area  of  the 
cell  within  2  1/2  minutes  of  the  radar  scan 
according  to  the  maximum  reflectivity  (dBz)  In 
the  cell 
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Fig.  5  -  Percent  of  radar  cells  with  lightning 
flashes  in  the  cell  area  within  2  1/2  minutes  of 
the  radar  scan  according  to  the  area  (kmz)  of 
the  cell.  Small  numbers  Indicate  the  number  of 
cells  In  each  area  Increment  of  25  knr 
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Fig.  4  -  Number  of  lightning  flashes  per  radar 
cell  on  16  August  1978  In  the  cell  area  within 
2  l/fj  mi  mites  of  the  radar  scan  according  to  the 
maximum  reflectivity  ( dBz)  In  the  cell 
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Flq,  6  -  Distribution  of  local  areas  on  15 
operations  (GO)  days  In  FACE  1978  according  to 
the  maximum  reflectivity  (dBz)  In  the  local  area 
surrounding  the  lightning  flash.  i>ol1d  line 
shows  distribution  when  local  areas  had  at  least 
one  flash  within  5  minutes  after  the  radar  scan, 
while  the  dashed  plot  shows  the  distribution  of 
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Fig.  7  -  Percent  of  total  flashes  during  a  day 
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Fig.  9  -  Distribution  of  reflectivity  (dBz)  of 
raw  radar  bins  for  three  ranges  relative  to  the 


which  were  located  outside  local  radar  reflec-  ^dar  (Flg.  i)  on  29  July  1978.  Distributions 

of  the  tota1  number  are  divided  Into  raw  radar  bins  and  their  ad- 
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20 

I 

i?  16 

u. 


-31-50  nmi 
-51-75  nmi 


29  July  1978 
Local  areas 
with  flashes 


FACE  1978 
1 5  GO  Days 

,  Local  areas 


0  8  16  24  32  40  48  56 

Radar  Reflectivity  (dBz) 

Fig.  8  -  Distribution  of  local  areas  with 
flashes  on  29  July  1978  according  to  the  maximum 
reflectivity  (dBz)  In  the  local  area  surrounding 
the  lightning  flash  within  5  minutes  after  the 
radar  scan.  Distributions  are  shown  for  the 
Inner  half  of  the  analysis  area  (solid  line) 
relative  to  the  radar  (Fig.  1)  from  31  to  50  nmi 
(57  to  93  km)  and  the  outer  half  (dashed)  from 
51  to  75  nmi  (93  to  139  km) 
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Fig.  10  -  Percent  of  local  areas  on  15  FACE  days 
having  at  least  one  lightning  flash  In  the  local 
area,  within  5  minutes  after  t!.a  radar  seen, 
according  to  the  maximum  reflectivity  (dBz)  In 
the  local  area  surrounding  the  lightning  flash 
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Fig.  11  -  Cumulative  percent  of  local  areas  with 
lightning  flashes  related  to  cumulative  percent 
of  local  radar  areas  for  the  same  data  as  shown 
In  Fig.  10 


Fig.  12  -  History  of  radar  parameters  at  the 
location  of  each  flash  on  16  August  1978  before 
and  after  the  flash  (flash  Is  at  time  0).  The 
average  reflectivity  (solid  line)  of  local  areas 
at  the  positions  of  all  flashes  Is  shown  up  to  ± 
20  minutes  from  the  event  and  scaled  on  the  left 
side.  The  percent  of  flashes  without  echoes 
(dashed  line)  Is  scaled  on  the  right  side 
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ABSTRACT 

v 

'The  analysis  of  lightning,  radar,  and  sounding  data  for  two  summer  Months  in 
south  Florida  has  shown  that  there  is  a  relationship  between  the  degree  of  cloud- 
to-ground  flash  activity  during  the  day  md  certain  combinations  of  Meteorological 
parameters  detected  early  in  the  morning  before  significant  convection  develops. 

In  general,  it  appears  that  clouds  tend  to  be  better  flash  producers  (per  unit 
area)  under  conditions  of  suppression  of  convection  and  light  winds.  As  the 
atmosphere  becomes  disturbed,  the  clouds  (although  greater  in  numbers)  tend  to  be 
less  intense  in  their  lightning  activity. 


FOR  MANY  APPLICATIONS,  It  Is  extremely  Important 
to  have  advance  knowledge  of  the  degree  of 
lightning  activity  to  be  expected  over  a  region 
In  the  next  12  to  24  hrs.  Until  now,  there  has 
been  very  little  guidance  to  enable  the  meteor¬ 
ologist  to  predict  lightning  activity  with  any 
significant  accuracy.  Recently,  however,  with 
the  development  of  reliable  cloud-to-ground 
(C-G)  lightning  detectors,  enough  data  are 
becoming  available  from  some  regions  to  Identify 
the  meteorological  factors  that  determine  the 
degree  of  lightning  activity  over  a  certain  area 
and  during  a  specified  period  of  time.  One  such 
region  has  been  south  Florida.  Extensive  C-G 
lightning  flash  data  were  collected  dally  during 
July  and  August  of  1976  using  two  direction 
finders.  The  data  were  collected  as  part  of  the 
Florida  Area  Cumulus  Experiment  (FACE).  Simul¬ 
taneous  with  the  lightning  observations,  dig¬ 
itized  radar  Information  and  atmospheric  sound¬ 
ings  were  recorded. 

The  objective  of  this  paper  Is  to  use  those 
data  sets  from  1978  to  Identify  the  principal 
meteorological  regimes  that  are  associated  with 
different  degrees  of  C-G  flash  activity.  The 
basic  analysis  strategy  consists  of  using  the 
FACE  lightning  and  radar  data  to  stratify  the 
days  by"  groups  according  to  their  degree  of 
flash  activity,  and  then  employing  the  corre¬ 
sponding  early  morning  soundings  to  determine 
the  meteorological  flow  regimes  that  are  typi¬ 
cally  present,  and  how  they  are  associated  with 
the  different  lightning  groups. 

DATA  AND  ANALYSIS  PROCEDURES 

LIGHTNING  DATA  -  A  description  of  FA£E  1978 
has  been  published  elsewhere  (1,  2,  3»  .  An 
overview  of  that  experiment  Is  also  Included  In 
a  companion  paper  In  these  proceedings  (4).  The 
C-G  lightning  data  were  collected  by  two  direc¬ 
tion  finders  (DF)  manufactured  by  Llahtnlng 
Location  and  Protection,  Inc.  (LLP)  (5,  6j.  The 
locations  of  this  two  DF  are  Indicated  In  Fig. 
1.  During  1978  the  two  direction  finders  were 
aligned  north  to  south  In  the  middle  of  the 
Pennlnsula.  The  data  from  the  direction  finders 
were  analyzed  with  a  computer  program  that 
produces,  by  trlangulatlon,  point  values  of  C-G 
flash  location.  The  accuracy  of  these  locations 
decreases  with  distance  from  the  two  antennas. 
Eacn  direction  finder  has  a  random  error  of 
±0.87*  In  azimuth.  This  value  has  been  deter¬ 
mined  from  a  series  of  ground  truth  studies  of 
LLP  sensors  In  various  locations  and  applies  to 


the  FACE  direction  finders.  Other  non -random 
errors  may  also  have  occurred  for  which  we  have 
no  objective  determinations.  For  the  configur¬ 
ation  used  In  1978,  the  resultant  error  around 
each  ground  strike  ranges  from  less  than  1  km  In 
radius  In  a  north-south  region  between  the  two 
detectors,  to  about  2  km  over  the  remainder  of 
the  area  of  stu<(y  (see  Fig.  1).  The  region  of 
error  around  each  strike  location  Is  circular  In 
most  of  the  area  but  becomes  more  elliptical  In 
the  region  between  the  direction  finders. 

RADAR  DATA  -  The  radar  Information  used  In 
this  study  was  obtained  with  a  WSR-57  radar 
system  located  In  Coral  Gables,  Florida  (see 
Fig.  1).  This  radar  had  a  wavelength  of 
10.53  cm.  It  had  a  two-degree  conical  beam  and 
a  gatelength  of  927  m.  The  system  was  operated 
continuously  from  0800  to  2000  EST  during  all 
the  days  of  FACE  except  For  a  small  amount  of 
downtime  due  to  malfunctions.  A  full  360*  scan 
covering  a  range  of  about  200  km  was  recorded 
every  5  min.  The  WSR-57  was  constrained  by  U.S. 
National  Weather  Service  (NWS)  operational 
requirements  to  operate  at  a  low  scanning  angle; 
the  antenna  elevation  was  0.5*.  The  data  were 
digitized  and  recorded  on  magnetic  tape.  All 
days  In  July  and  August  of  1978  for  which  data 
existed  were  used.  Echoes  In  the  northwestern 
quadrant  covered  by  the  radar  were  Included  In 
the  analysis.  This  region  extended  from  31  to 
144  km  (16  to  75  nml)  from  the  radar  (Fig.  1). 
Only  lightning  flashes  located  within  this 
region  were  used.  This  area  was  selected  as 
comprising  the  best  radar  data  In  terms  of  bolng 
free  from  ground  clutter,  and  the  most  accurate 
flash  locations. 

A  series  of  computer  programs  was  designed 
to  process  and  analyze  the  radar  data.  A  de¬ 
tailed  description  of  the  data  collection  and 
processing  methods  has  been  published  elsewhere 
(7).  A  principal  result  of  those  procedures  was 
a  set  of  time  series  of  area  covered  by  echoes 
a.t  Intervals  of  5  min.  These  time  series  were 
the  basic  source  of  radar  Information  used  In 
this  paper. 

RADIOSONDE  DATA  -  Radiosondes  were  released 
by  the  NWS  at  West  Palm  Beach.  The  foundings 
used  were  taken  at  1200  UT  (0700  EST).  It  was 
felt  that  a  later  sounding  taken  In  tins  after¬ 
noon  would  reflect  th  changes  In  tlse  atmo¬ 
spheric  structure  of  the  region  produced  by  the 
convection  Itself,  thus  confusing  the  Infor¬ 
mation  about  those  environmental  factors  that 
are  conducive  to  or  attending  the  envelopment  of 


^Numbers  In  parentheses  designate  References  at 
end  of  paper. 
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that  convection.  Use  of  morning  soundings  also 
allows  forecasts  to  be  made  after  relationships 
are  established  from  past  data.  Data  points 
were  Interpolated  to  every  50-mb  Interval. 

DAILY  VARIABILITY  OF  LIGHTNING  ACTIVITY 

INTRODUCTION  -  Time  series  were  constructed 
of  the  total  number  of  flashes  over  the  region 
of  study  during  5  minute  Intervals.  One  such 
time  series  was  prepared  for  every  day  In  the 
sample.  Figure  2  shows  examples  of  the  series 
for  four  representative  days  In  1978  for  the 
period  of  0800  to  2000  EST.  This  Is  the  period 
when  mort  of  the  flashes  were  detected.  There 
Is  a  wlv.  range  of  activity  among  the  different 
days,  especially  as  It  refers  to  the  total 
number  of  flashes,  the  maximum  number  observed, 
the  shape  of  the  series,  and  Its  position  In 
time.  It  would  be  desirable  to  be  able  to 
predict,  based  on  conventional  meteorological 
data,  the  characteristics  of  the  expected  diur¬ 
nal  cycle  of  lightning  activity.  The  present 
study  represents  a  first  step  to  quantify  the 
differences  between  the  activity  of  the  days  and 
to  Investigate  the  corresponding  differences  In 
atmospheric  sounding  parameters. 

STRATIFICATION  OF  DAYS  -  In  this  first 
study  It  was  deemed  more  Important  and  tractable 
to  Investigate  the  conditions  associated  with 
th(»  degree  »f  activity  rather  than  the  timing  or 
nature  of  the  diurnal  fluctuations.  Accord¬ 
ingly,  the  maximum  number  of  flashes  during  any 
S  minute  period  (l.e.,  maximum  5  min  flash  rate) 
was  used  to  classify  the  days  as  to  their  degree 
of  lightning  activity.  The  total  number  of 
flashes  during  the  day  was  also  considered,  but 
It  gave  confusing  results  when  days  that  had 
extensive  activity  during  a  short  period  of  time 
were  classified  together  with  days  that  produced 
fewer  flashes  at  any  given  time  but  for  a  longer 
period.  In  addition,  'due  to  the  presence  of 
randomly  occurring  data  gaps,  the  number  of  days 
for  which  a  maximum  number  of  flashes  In  a  5 
minute  period  can  be  obtained  Is  greater  than 
those  for  which  the  total  number  of  flashes  can 
be  computed. 

All  days  In  July  and  August  1978  for  which 
data  existed  were  ordered  from  the  smallest 
maximum  number  of  flashes  during  any  5-mlnute 
period  to  the  largest.  Figure  3  shows  how  the 
i  52  days  are  distributed  In  relation  to  each 
other.  The  figure  shows  plctorlally  the  large 
variability  In  'dally  lightning  activity  that  can 
exist  In  the  region.  Notice  that  some  days  are 
extremely  quiet  (a  few  flashes  In  the  area) 
while  others  are  fairly  active  (up  to  86  flashes 
per  5  min).  He  Is  Interesting  to  observe  that 
80%  of  the  days  have  a  maximum  rate  that  Is  less 
I  than  half  that  of  the  maximum  of  86.  Again,  as 

j  Is  characteristic  of  convective  phenomena,  the 

i  majority  of  days  are  moderate  In  the  production 

j  of  flashes,  although  a  few  cases  can  be  consld- 

I  erably  active. 


It  Is  reasonable  to  Infer  that  the  number 
of  flashes  during  a  given  period  Is  proportional 
to  the  amount  of  clouds  present  In  the  same 
period.  To  the  degree  that  that  Is  true,  the 
problem  of  forecasting  maximum  lightning  activ¬ 
ity  over  a  region  Is  reduced  to  forecasting 
maximum  cloud  cover.  Figure  4,  however,  shows 
that  the  relationship  between  echo  area  and 
flash  rate,  although  present  to  some  extent,  Is 
not  universal.  The  scatterplot  of  maximum  flash 
rate  versus  the  corresponding  radar  echo  cover 
shows  sufficient  scatter  to  Indicate  that  other 
effects,  besides  the  amount  of  convection  pre¬ 
sent,  are  Important  In  determining  the  lightning 
activity.  In  order  to  eliminate  the  dependency 
on  echo  area,  the  maximum  flash  rate  was  divided 
by  the  corresponding  echo  area,  giving  an  echo 
flash  Intensity  figure.  The  frequency  distri¬ 
bution  of  this  new  parameter  Is  portrayed  In 
Fig.  5.  This  distribution  can  be  closely  repre¬ 
sented  as  a  lognormal  distribution.  It  points 
to  the  skewness  of  flash  Intensity  and  to  the 
fact  that  only  a  small  number  of  days  have 
Intense  rates. 

It  Is  obviously  hopeless  to  try  to  under¬ 
stand  at  this  time  the  myriad  factors  and  com¬ 
plex  Interactions  of  factors  that  specifically 
determine  the  degree  of  C-G  flash  activity  found 
In  any  particular  day.  In  this  study  the  basic 
concern  Is  with  the  principal  meteorological 
factors  and  types  of  now  patterns  that  are 
associated  with  broad  classes  of  flash  activity. 
Accordingly,  the  new  distribution  was  divided 
into  quartlles,  the  first  one,  Ql,  represents 
the  25%  of  days  having  lowest  flash  Intensities, 
Q2,  the  next  25%  more  active  days,  and  so  on. 
Q4  represents  the  most  active  25%  of  days. 
Table  1  shows  the  average  characteristics  of 
each  quartlle.  As  mentioned  before,  there  Is  a 
large  range  of  flash  Intensity  across  these 
quartlles.  In  the  next  sections  the  sounding 
data  are  analyzed  to  determine  which  are  the 
principal  atmospheric  flow  regimes  present  In 
the  region,  and  how  they  are  associated  with  the 
different  lightning  Intensity  quartlles. 

TYPICAL  FLOW  REGIMES  IN  SOUTH  FLORIDA 

A  previous  study  (8)  has  shown  that  the 
degree  of  development  of  the  diurnal  convective 
activity  In  south  Florida  Is  determined  to  a 
large  extent  by  the  type  of  synoptic  flow  pat¬ 
tern  present  during  the  day.  It  Is  reasonable 
to  expect  that  the  different  flow  regimes  are 
also  reflected  In  the  degree  of  lightning  activ¬ 
ity.  The  nature  of  the  flow  regime  Is  Important 
becasue  It  determines  the  type  of  air  mass 
(l.e.,  the  atmospheric  thermodynamic  properties) 
In  which  the  convective  clouds  are  developing  In 
response  to  the  forcing  produced  by  local  sea 
and  lake  breeze  circulations.  In  addition,  the 
different  flow  patterns  can  bring  dynamic  Influ¬ 
ences  In  the  form  of  enhanced  forcing  or  sup¬ 
pression  of  convection. 
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In  south  Florid*  during  the  summer,  the 
prlnclpel  synoptic  flow  regimes  are  determined 
by  three  main  features: 

1.  the  position  of  the  Atlantic  High  In 
relation  to  the  peninsula 

2.  the  passage  of  tropical  systems 

3.  the  passage  of  mid-latitude  pertur¬ 
bations. 

In  order  to  describe  the  overall  flow  In  the 
region  It  Is  convenient  to  examine  the  entire 
wind  direction  profile.  The  use  of  one  level  or 
a  shallow  layer  to  describe  the  wind  flow  can 
lead  to  confusing  results  In  view  of  the  often 
layered  nature  of  the  regional  circulations  and 
the  rapid  changes  In  direction  with  height.  The 
early  morning  West  Palm  Beach  soundings  used  In 
this  analysis  were  taken  close  to  the  area  of 
study.  They  should  be  characteristic  of  the 
large-scale  flow  In  the  region  during  the  devel¬ 
opment  of  convective  end  lightning  activity, 
provided  synoptic  conditions  'to  not  change 
drastically  during  the  next  several  hours. 

All  of  the  wind  direction  profiles  corre¬ 
sponding  to  the  days  for  which  lightning  and 
radar  data  existed  were  examined  (45  profiles}. 
The  Individual  profiles  could  be  classified 
(Independently  of  the  lightning  Intensity)  Into 
four  distinct  types.  Figure  6  shows  the  mean 
wind  direction  profile  for  erch  of  the  four 
types.  They  can  be  described  as  follows: 

1.  Deep  easterlies:  ESE  winds  predominate 
in  a  deep  layer  from  the  surface  to 
450  mb  with  very  little  wind 
directional  shear.  Above  that  level 
the  winds  turn  gradually  to  ME. 

2.  Low  level  southerlies:  SSW  winds 

present  in  the  layer  from  the  surface 
to  650  mb.  -  Beyond  that  level  the  winds, 
turn  SE  and  finally  NE  above  300  mb. 

3.  Mid-level  westerlies:  SSW  winds  very 
close  to  the  surface  changing  to 
WSW/WNW  In  the  layer  850  -  400  mb. 
Above  that  level  the  winds  turn  Into  a 
northerly  direction,  finally  becoming 
NE  as  In  all  the  other  profiles. 

4.  Mid-level  northerlles:  .HNE  winds  In  a 
layer  from  700  to  500  mb,  with  sheared 
layers  above  and  below.  In  the  lower 
part  winds  change  from  SW  at  the 
surface  to  NNE  at  700  mb.  In  the  upper 
layer  the  winds  change  from  NNE  to  W,  S 
and  NE  above  200  mb. 

It  Is  shown  In  the  next  section  that  each 
of  these  wind  profiles  corresponds  to  a  differ¬ 
ent  synoptic  flow  regime  to  which  are  associated 
particular  thermodynamic  characteristics  of  the 
atmosphere.  It  Is  also  shown  how  the  different 
atmospheric  properties  are  related  to  different 
degrees  of  convective  end  lightning  activity. 

METEOROLOGICAL  CONDITIONS  AND  LIGHTNING  ACTIVITY 

Each  quartlle  of  flash  Intensity  was  exam¬ 
ined  to  determine  the  typical  wind  profile 
predominant  during  those  days.  It  was  apparent 


that  each  quartlle  did  not  correspond  uniquely 
to  a  particular  wind  profile.  The  seme  type  of 
profile  could  bo  found  present  among  the  days  of 
widely  different  quartlles  end  one  quartlle 
could  contain  different  wind  profiles.  However, 
when  the  soundings  were  averaged  together  by 
quartlles,  within  wind  profile  types,  character¬ 
istic  differences  were  found  that  gave  a  con¬ 
sistent  picture  of  the  factors  determining 
different  degrees  of  lightning  activity. 

EASTERLY  WIND  PROFILE  -  Figures  7  and  8 
contain  the  averagt  mixing  ratio  and  temperature 
difference  profiles  by  quartlles  for  those  days 
having  an  easterly  wind  profile.  The  differ¬ 
ences  were  taken  from  the  mean  sounding  for  all 
days.  Figure  9  shows  the  corresponding  wind 
speed  graph.  In  all  quartlles  considerable 
drying  and  warming  (compared  to  the  means  for 
all  days)  Is  present  below  500  mb.  This  Is 
typical  of  the  easterly  flow  regime  and  speaks 
of  subsidence  and  suppression  of  convection  due 
to  the  presence  of  a  high-pressure  cell  In  the 
western  branch  at  the  subtropical  high  north  of 
the  area  of  study  (8).  Table  2  shows  that  the 
area  covered  by  echoes  at  time  of  maximum  flash 
rate  was,  In  the  mean,  smaller  during  easterly 
wind  days  than  In  other  occa-  ons  when  a  differ¬ 
ent  wind  regime  was  present. 

Q4  days  show  the  daapast  and  most  wide¬ 
spread  suppression  effect*.  These  days,  how¬ 
ever,  show  the  most  Intense  lightning  activity. 
Actually,  very  little  deep  convection  develops 
as  Indicated  In  Table  2;  the  maximum-rate  echo 
cover  has  a  mean  of  only  1.3  x  103  km2  for  thosa 
days,  which  Is  the  smallest  for  any  one  group. 
The  wind  speed,  on  the  other  hand.  Is  consider¬ 
ably  lower  for  that  quartlle  (Fig.  9)  than  for 
arty  other  quartlle,  amounting  to  only  about 
4  m/s  through  most  of  tha  layer  below  500  mb. 
Under  these  conditions  of  suppression  and  low 
wind  speeds,  the  lower  atmosphere  can  become 
very  unstable  and  produce,  after  a  long  period 
of  continued  surface  insolation  and  soil 
moisture  evaporation,  very  vigorous  Isolated 
thunderstorms.  That  this  Is  the  case  1*  Indi¬ 
cated  In  Table  2;  the  maximum  number  of  light¬ 
ning  flashes  per  5  min  Is  very  high  (a  mean  5 
min  rate  of  29.6  flashes)  In  spite  of  the  small 
amount,  of  acho  area.  This  combination  ranks  04 
easterly  days  as  the  most  intensively  active  of 
all  categories,  with  27.9  flashes  per  103  km2. 
It  is  Interesting  to  note  that  all  of  the  04  (or 
the  25*  most  active)  days  have  en  easterly  flow 
of  the  type  described. 

The  very  Inactive  days  (Ql)  also  show  the 
signs  of  subsidence  In  their  mean  sounding. 
Although  not  as  widespread  as  In  the  case  of  Q4 
days,  the  warming  and  drying  are  as  large  or 
larger,  presenting  a  significant  barrier  to  the 
development  of  deep  penetrative  convection. 
This  condition  Is  reflected  In  Table  2,  trttar# 
the  maximum-rate  acho  covtr  has  a  mean  valua 
comparable  to  the  dry  days  of  t)4.  The  maximum 
flash  rat*  (and  consequently  the  area  Intensity) 
however.  Is  an  order  of  magnitude  smaller.  The 
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!or  *Ms  dr»««t1c  difference  1*  probably 
linked  to  the  mean  wind  speed  profile  of  those 
days  (Fig.  9).  The  winds  below  600  mb  are  about 
i  times  as  fast  In  Ql  as  In  Q4.  Thus,  the 
advantage  of  the  Q4  days,  of  accumulating  con- 
vecJve  energy  In  the  lower  layers  and  producing 
intense  but  Isolated  thunderstorms,  Is  not  pre¬ 
sent  In  01  days. 

The  Intermediately  active  days  of  Q2  and  Q3 
are  also  Intermediate  In  thermal  conditions. 
The  effects  of  subsidence  are  not  as  widespread 

*J  l#r9*  **  In  tha  active  or  Inactive  days. 
Without  as  severe  suppression,  echoes  are  more 
frequently  observe*'  (42*  more  area  at  time  of 
maximum  rate).  The  less  extensive  and  weaker 
suppression  should  also  result  In  deeper  and 
more  active  clouds  than  In  tha  case  of  Ql.  Roth 
of  these  factors  (Increased  area  cover  and 
deeper  clouds)  are  probably  the  reason  for  the 
relatively  large  maximum  flash  rate  during  those 

days  (Table  2)  .  The  flash  Intensity  of  tha 

clouds  Is  also  higher  than  the  very  suppressed 
days  of  Ql  but  Is  only  40*  that  of  the  Q4  days. 

In  general,  the  days  characterized  by  a 
deep  easterly  flow  are  suppressed,  and  the  more 
suppressed  the  day  Is  (as  reflected  In  the  warm¬ 
ing  and  drying  of  the  lower  atmosphere),  the 

smaller  are  the  maximum  flash  rate  and  the  In¬ 

tensity  of  flashes  per  unit  area.  However,  In 
the  case  of  strong  suppression  and  when  the  wind 
speed  in  the  lower  layers  Is  small,  a  few  very 
Intense  Isolated  thunderstorms  are  to  be  ex¬ 
pected  which  can  produce  a  large  amount  of 
flashes. 

SOUTHERLY  WIND  PROFILE  -  This  type  of  wind 
regime  In  south  Florida  Is  associated  with  moist 
tropical  air  masses  coming  from  the  Caribbean  or 
Gulf  of  Mexico  (0).  In  many  cases  tropical  dis¬ 
turbances  arc  experienced.  This  wind  regime  Is 
represented  among  3  of  the  quartlles  of  light¬ 
ning  Intensity. 

Figures  10  and  II  contain  the  mean  mixing 
ratio  and  temperature  difference  profiles  for 
the  entire  group  of  10  southerly  wind  days.  The 
temperature  difference  curve  Indicates  warming 
In  the  upper  half  of  the  troposphere  compared  to 
the  mean  of  all  days.  That  condition  Is  typi¬ 
cally  associated  with  warm  core  tropical  distur¬ 
bances.  The  moisture  difference  Is  not  partic¬ 
ularly  different  from  the  mean,  except  for  an 
Indication  of  some  excess  humidity,  around  600 
mb.  The  echo  cover  of  2.8  103  kmz  associated 
with  the  maximum  flash  rate  Is  rather  large  In 
the  mean  (Table  2). 

The  Individual  soundings  (not  shown)  Indi¬ 
cate  that  Ql  (the  least  Intense)  days  have  the 
largest  warming  In  the  upper  levels  and  also  the 
largest  echo  area  cover  (Table  2).  Q2  days  have 
a  smaller  warming  (Indicating  less  disturbed 
days)  and  this  Is  reflected  In  a  smaller  echo 
cover.  The  2  days  of  Q3,  however,  show  a  sound¬ 
ing  that  Is  I  to  l.S°C  cooler  than  the  mean 
below  500  nd>.  That  condition  would  preclude  the 
development  of  much  convection  as  Is  reflected 
In  the  low  echo  cover  for  that  quartlle  (1.4 


compared  to  2.8  and  3.3  x  103  km*  for  Q2  and 
Q3).  The  maximum  flash  rate,  however,  Is  rough¬ 
ly  the  same  for  all  quartlles.  Therefore,  by 
unit  area,  the  number  c?  rushes  Is  much  higher 
(Table  2)  for  the  dn.;si  *  i th  the  smaller  echo 
cover.  It  Is  1  mportim  <■/!  mention  that  the  two 
Q3  days  have  50*  slow*J  <ijids  below  850  mb  than 
the  other  two  quartlles. 

Again  we  have  the  Interesting  result  that 
clouds  tend  to  be  better  flash  producers  per 
unit  aree  under  conditions  of  suppression  of 
convection  and  light  winds.  As  the  atmosphere 
becomes  disturbed,  more  clouds  can  develop  but 
they  tend  to  be  less  Intense  In  their  lightning 
activity. 

MID-LEVEL  WESTERLIES  WIND  PROFILE  -  Eleven 
days  showed  wind  profiles  that  were  character- 
Ized  by  westerly  winds  In  the  layer  from  850  to 
400  mb  (Fig.  6).  Aloft,  the  winds  returned  to 
the  typical  northeasterlles  characteristic  of 
the  summer  In  south  Florida.  Below  850  mb  the 
winds  tended  to  come  from  the  south.  These  days 
have  the  largest  echo  cover  values  of  all  groups 
(Table  2).  The  temperature  difference  profile 
(Fig.  12)  shows  cooling  In  the  layer  from  450  to 
750  mb  and  warming  aloft  compared  to  tha  man 
sounding  of  all  days.  Tha  mixing  ratio  differ¬ 
ence  (Fig.  13)  Indicates  mol ster-than-average 
conditions  In  the  same  middle  layer.  Those 
conditions  are  Indicative  of  large-scale  accent 
In  the  middle  of  the  atmosphere  caused  by  upper- 
level  westerly  disturbances.  In  south  Florida 
during  the  summer.  It  Is  frequently  observed 
that  short  waves  In  the  westerlies  produce 
disturbed  conditions  which  result  In  enhanced 
precipitation  over  the  region  (8). 

Not  only  are  these  disturbed  days  charac¬ 
terized  by  high  precipitation,  but  also  by  the 
production  of  a  large  number  of  flashes.  As  a 
group  (Table  2)  they  produce  the  largest  number 
of  flashes  In  any  5-mlnute  Interval  in  the 
region  (39.5).  This  large  activity  Is  probably 
due  to  both  the  Increased  total  amount  of  con¬ 
vection  and  the  dynamic  and  thermodynamic  facil¬ 
itation  of  deep  convection  produced  by  the 
synoptic  disturbances  usually  present  during 
this  type  of  day.  In  terms  of  the  maximum 
Intensity  of  lightning,  however,  these  days  rank 
mediocre,  showing  In  the  average  only  II  flashes 
per  103  kmz  of  echo  (Table  2). 

When  these  days  are  considered  Individ¬ 
ually,  considerable  differences  In  total  activ¬ 
ity  *nd  Intensity  are  noted.  Table  2  shows  that 
the  most  disturbed  days.  In  the  sense  of  higher 
echo  cover,  have  the  smallest  flash  production 
and  therefore  are  the  leant  Intense  In  terms  of 
flashes  per  unit  area  (Ql  days).  As  the  area 
covered  with  echoes  diminishes,  the  maximum  5- 
mlnute  total  of  flashes  Increases  together  with 
the  Intensity  (Q2  and  Q3  days).  The  Individual 
soundings  tend  to  Indicate  that  the  area  cover 
Is  related  to  the  degree  of  thermal  perturba¬ 
tion.  Figure  14  shows  the  mixing  ratio  profiles 
for  the  different  quartlles.  It  can  be  seen 
that  the  days  with  more  widespread  rain  but 
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least  flash  activity,  l.e.  Q1  days,  have  a 
moltture  excess  of  up  to  3  9/kg  compared  to  the 
mean  of  all  days.  As  the  moisture  excess  dimin¬ 
ishes  In  magnitude  and  spread  (Q2  and  Q3),  so 
does  the  echo  cover,  while  the  flash  activity 
Increases.  Thus,  It  appears  that  as  In  the  case 
of  southerly  winds,  the  least  disturbed  days 
produce  the  most  active  clouds. 

MID-LEVEL  NORTHERLY  MIND  PROFILE  -  Two  days 
In  the  sample  exhibited  a  strong  sheared  profile 
of  wind  direction:  from  southerlies  In  the  low 
levels,  to  easterlies  and  then  northerlles  In 
the  middle,  to  westerlies  and  then  southerlies 
aloft  (Fig.  6).  One  way  In  which  that  pattern 
of  wind  directions  could  result  Is  by  hevlng  the 
southwesterly  branch  of  an  upper  trough  over  the 
region  with  a  cyclonic  circulation  In  the  middle 
levels.  The  temperature  difference  profile 
(Fig.  15)  shows  a  remarkably  cool  region  on 

those  days  from  750  to  150  mb.  A  difference  of 

-2.1  "C.  Is  observed  at  650  «b  decreasing  to 
~0.75*C  at  200  mb.  A  moist  layer  Is  also  pre¬ 
sent  from  600  to  800  mb,  reaching  a  maximum  dif¬ 
ference  of  more  than  2  g/kg  (Fig.  16).  Table  2 

shows  that  In  terms  of  echo  cover  those  days  are 

mildly  disturbed.  They  show  a  moderate  maxlaium 
flash  rate  (17.5  per  5-mln)  and  a  corresponding 
medium  Intensity  of  10.3  flashes  per  103  km2. 

OVERALL  CHARACTERISTICS  OF  THE  SAMPLE  - 
Three  principal  groups  of  days  emerge  from  the 
sample:  suppressed,  tropically-influenced,  and 
mid-latitude  Influenced.  The  suppressed  regime 
typically  consists  of  days  with  deep  easterly 
winds  and  Indications  of  large-scale  subsidence. 
The  area  covered  by  echoes  at  the  time  of  the 
maximum  lightning  rate  Is  very  small  Indicating 
a  scanty  distribution  of  convection.  The  maxi¬ 
mum  5-mln  flash  rate  and  area  Intensity  can  be 
very  low,  very  high,  or  Intermediate  depending 
of  the  degree  of  suppression  and  the  speed  of 
the  low-1 evol  winds. 

The  tropically-influenced  days  generally 
have  winds  with  a  marked  southerly  component  In 
the  lower  half  of  the  troposphere.  Moist  un¬ 
stable  air  normally  accompanies  this  flow  and 
tropical  disturbances  may  occur.  The  area 
covered  with  echoes  can  be  considerable  depend¬ 
ing  on  the  degree  of  disturbance  of  the  day. 
The  number  of  flashes  per  unit  echo  area  Is 
moderately  large  for  the  least  disturbed  days 
and  becomes  very  small  as  the  echo  cover  In¬ 
creases. 

Days  Influenced  by  mid-latitude  flows  tend 
to  be  greatly  disturbed,  with  large  echo  covers 
and  cool  and  moist  layers  at  middle  levels  of 
the  atmosphere.  The  maximum  5-mln  flash  rates 
can  be  rather  high,  but  per  unit  echo  area,  the 
Intensity  tends  to  range  from  moderate  to  very 
small  as  the  echo  area  Increases. 

CONCLUSIONS  AND  OUTLOOK 


day  In  terms  of  flash  rates  and  flash  Intensity 
(by  echo  area).  This  variability  Is  hot  neces¬ 
sarily  related  to  similar  fluctuations  In  shower 
area. 

However,  relationships  exist  between  the 
dally  flash  activity  end  certain  combinations  of 
meteorological  parameters  detected  early  In  the 
morning  before  significant  convection  develops. 
In  general.  It  appears  that  clouds  tend  to  bu 
better  flash  producers  (per  unit  area)  under 
conditions  of  suppression  of  convection  and 
light  winds.  As  the  atmosphere  becomes  distur¬ 
bed,  however,  more  clouds  can  develop  but  they 
tend  to  be  less  Intense  In  their  lightning 
activity*  A  detailed  analysis  of  the  sounding 
data  shows  that  four  principal  wind  flow  regimes 
are  typical  of  south  Florida  during  the  summer. 
Within  each  regime  variations  In  the  degree  of 
convection  enhancement  or  suppression  provide 
the  different  thermal  and  dynamic  settings  that 
appear  to  be  associated  with  the  different 
degrees  of  flash  activity. 

The  present  sample  Is  relatively  small  In 
view  of  the  large  observed  variability  of  light¬ 
ning  activity  and  flow  regimes.  Therefore,  the 
establishment  of  quantitative  relationships 
between  different  atmospheric  parameters  and  C-G 
flash  activity  Is  presently  not  warranted.  It 
Is  hoped,  however,  that  the  future  analysis  of 
the  data  from  the  other  available  FACE  year 
(1980)  will  Increase  the  sample  size  to  where 
multiple  correlation  analysis  could  provide 
useful  prediction  algorithms.  Meanwhile,  the 
results  of  this  study  provide  Insights  Into  the 
problem  of  lightning  warnings. 

It  It.  the  Intention  of  the  authors  to  also 
repeat  these  analyzes  with  data,  from  other 
cllmatlca'l  regions.  Although  the  same  results 
are  not  expected,  similar  basic  principles  could 
emerge  and  help  develop  a  unified  understanding 
of  lightning  In  its  relationship  to  meteorolog¬ 
ical  conditions. 

Lastly,  this  understanding  probably  cannot 
be  reached  without  attacking  the  problem  from 
different  scales  and  studying  their  Interrela¬ 
tionships.  Toward  that  end  a  study  of  the 
relationships  between  C-G  flashes  and  radar 
echoes  has  been  started  and  Is  reported  else¬ 
where  In  this  Proceedings  (4). 
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The  analysis  of  C-G  flash  data  from  two 
summer  months  In  south  Florida  has  shown  that 
there  Is  a  considerable  variability  from  day  to 
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Fig.  1  -  Map  of  south  Florida  showing  region  of 
stu^y  (heavy  outline),  FACE  target  area  (stip¬ 
pled)  and  the  positions  of  the  lightning  direc¬ 
tion  finding  sites  (diamonds).  Range  markers 
refer  to  the  WSR-57  radar  located  In  Coral 
Gables 
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Table  2.  Flash  Characteristics  of  the  Different  Flow  Regimes  as  a  Whole  and 
by  Intensity  Quartlles. 


Mid-level  Mid-level 

Easterlies  Southerlies  Westerlies  Northeriles 


Number  of  Days 

Maximum  S  min  Flash  Rate 

Echo  Area  at  Time  of  Max.  Rate 
(103  km*) 

Flash  Intensity 
(per  lO^m2) 

20 

21.0 

1.4 

17.7 

10 

19.9 

2.8 

8.1 

11 

39.5 

3.9 

U.O 

2 

17.5 

1.7 

10.3 

Q1 

No.  Days 

5 

5 

1 

0 

Max.  Rate 

4.4 

19.4 

29.0 

MM 

Echo  Area 

1.3 

3.3 

5.9 

MM 

Intensity 

4.2 

5.9 

4.9 

— 

QZ 

No.  Days 

2 

3 

4 

2 

Max.  Rate 

17.0 

22.3 

39.8 

17.5 

Echo  Area 

1.8 

2.8 

4.1 

1.7 

Intensity 

9.7 

8.2 

9.6 

10.3 

Q3 

No.  Days 

3 

2 

6 

0 

Max.  Rate  . 

22.7 

17.5 

41.0 

MM 

Echo  Area 

1.9 

1.4 

3.4 

MM 

Intensity 

11.5 

13.5 

13.0 

MM 

Q4 

No.  Days 

10 

O 

0 

0 

Max.  Rate 

29.6 

— 

— 

— 

Echo  Area 

1.3 

— 

— 

MM 

Intensity 

27.9 

MM 

MM 

Table  1.  Average  Characteristics  of  Days  by  Quartlles  of  Flash  Intensity 


Quartlle 

Maximum  5-mln 
flash  rates 

Corresponding  area 
covered  with  echoes 
(103  km2) 

Number  of  flashes  per 
unit  area  at  time  of 
maximum  activity 

1 

12.6 

2.48 

5.1 

2 

25.3 

2.73 

9.4 

3 

31.7 

2.62 

12.7 

4 

27.2 

1.15 

27.1 

i 


Fig.  2  -  Time  series  of  5  min  C-G  flash  rates 
for  the  period  0800  to  2000  EST  for  four  typical 
days  In  FfCE 
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Fig.  3  -  Cumulative  frequency  distribution  of  53 
dally  values  of  5  min  flash  rates  In  logarlth- 
mlc/probablllty  coordinates 
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Fig.  4  -  Scattergram  of  the  daily  values  of 
maximum  5  min  flash  rate  versus  the  area  covered 
by  echoes  at  the  time  of  the  maximum 
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Fig.  5  -  Cumulative  frequency  distribution  of 
the  dally  values  of  maximum  C-G  flash  intensity 
in  logarithmic/probabillty  coordinates 


Wind  Direction 


Fig.  6  -  Typical  wind  direction  profiles  present 
In  the  sample  of  43  days 
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Fig.  8  -  Mean  vertical  profile  of  temperature 
difference  for  those  days  having  an  easterly 
wind  profile  by  flash-intensity  quartlles.  The 
mean  sounding  for  all  days  In  the  sample  has 
been  used  as  reference 
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Fig.  7  -  Mean  vertical  profile  of  mixing-ratio 
difference  for  those  days  having  an  easterly 
wind  profile  by  flash-intensity  quartlles.  The 
mean  sounding  for  all  days  In  the  sample  has 
been  used  as  reference 
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Fig.  9  -  Mean  vertical  profile  of  wind  speed  for 
those  days  having  an  easterly  wind  profile  by 
flash-intensity  quartlles 
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Fig.  10  -  Mean  vertical  profile  of  mlxlng-ratlc 
difference  for  those  days  having  a  southerly 
wind  profile,  "ha  njan  sounding  for  all  days  In! 
the  sample  has  been  used  as  reference  ! 
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^  7  K*an  vertical  profile  of  temperature 
ajfferewce  for  those  days  having  a  southerly 
wind  profile.  The  mean  sounding  for  all  days 
the  sample  has  been  used  as  reference 
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Fig,  13  -  Mean  vertical  profile  of  mixing-ratio 
difference  for  those  days  having  a  mid-level 
westerlies  wind  profile.  The  mean  sounding  for 
all  days  In  the  sample  has  been  used  as  refer¬ 
ence 
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Fig.  14  -  Mean  vertical  profile  of  mixing-ratio 
difference  by  quartlles  for  those  days  having  a 
mid-level  westerlies  wind  profile.  The  mean 
sounding  for  all  days  In  the  sumple  has  been 
used  as  reference 
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Fig.  15  -  Mean  vertical  profile  of  temperature 
for  those  days  having  a  mid-level  northerlles 
wind  profile.  The  mean  sounding  for  all  days  In 
the  sample  has  been  used  as  reference 
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northerlles  wind  profile.  The  i 
all  days  In  the  sample  has  bee 
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ABSTRACT  i 

A  transfer  function  approach  la  appllad  to  the  problem  of 
lightning  coupling  Into  Internal  aircraft  avionic  circuits.  This 
approach  allows  a  systematic  procedure  for  determining  transient 
levels  Induced  on  Interior  aircraft  circuits  due  to  exterior  Inter¬ 
ference  fields  such  as  those  caused  fay  nearby  or  direct-strike 
lightning.  Unique  In  the  approach  used  hare  la  the  use  of  a  tri¬ 
angular  patch  model  for  the  exterior  surface  of  the  aircraft  with 
all  points  of  entry  (PO$s)  closed.  ^A  moment  method  procedure  Is 
than  used  to  find  the ( "short  circuit"^ skin  current  In  the  frequency 
domain.  This  current  Interacts  with  all  the  POEs,  described  by 
either  measured  or  theoretically  calculated  transfer  functions. 

In  a  secondary  Interaction  problem  to  create  Interior  penetrating 
fields.  These  Interior  fields  are  used  to  derive  distributed 
voltage  and  current  sources  which  excite  a  transmission  line 
model  of  a  wire  harness  or  cable  bundle.  Further  levels  of 
coupling  are  indicated  along  with  their  concomitant  transfer 
functions. 
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INTRODUCTION 

THE  GENERAL  PROBLEM  of  analytically  deter¬ 
mining  the  susceptibility  of  interior  air¬ 
craft  avlonica  circuitry  to  upset  or  damage 
caused  by  an  external  electromagnetic  threat 
la  inherently  complicated.  To  facilitate 
the  analyala ,  two  principle  aaeuaptlona 
concerning  the  electromagnetic  coupling 
phenomenon  are  made  at  the  outset: 

*  Linearity  of  material  media 

*  Interaction  level  decoupling 

The  meaning  of  the  first  assumption  ia 
obvious  and  test  results  show  that  it  la 
generally  valid  for  bulk  cable  currant 
responses.  The  second  assumption  means 
that  the  aircraft  has  no  effect  on  the 
source,  the  interior  compartments  have  no 
effect  on  the  external  skin  currents,  and 
the  interior  circuits  have  no  affect  on  the 
interior  fields.  It  la  easy  to  construct 
pathological  cases  for  which  the  second 
assumption  is  theoretically  Invalid. 
Measured  raaulta,  however,  indicate  that 
for  a  great  many  cases,  it  la  a  reasonable 
assumption. 

Figure  1  illustrates  a  matrix  of 
possible  interaction  levels  whore,  nr  each 
level,  a  source  interacts  with  a 
characteristic  to  produce  a  result.  Further 
simplifying  assumptions  concsrnlng  tha 
thraat,  the  external  physical  da tail  of  the 
aircraft,  and  tha  Interior  detail  of  the 
circuit  In  queation  must  still  be  made  in 
order  to  make  the  problem  tree table.  Errors 
introduced  at  each  characteristic  model 
level  combine  to  cast  accumulative 
uncertainty  at  aach  aucceaalve  rasult 
laval.  Hopefully,  careful  comparison 
between  computations  end  measured  raaulta 
will  aid  in  refining  characteristic  nodaln 
end  reducing  result  error. 

Using  tha  first  two  assumptions,  and 
working  in  tha  frequency  domain,  one  may 
exprase  the  raeulte  of  level  D  in  Fig.l  by 
the  following  equations: 


fvyo'j 

l  -  D<*>  Tm<»)  , 

***<*>) 

Tj(t>  rf(t) 
(1) 


where: 

V„(f),  I„(f)  ■  Voltage  end  current  trans¬ 
fer  function  at  input  of 
suecep tibia  device  (avionics 
box) 

■  Threat  driving  function 
spectrum 

■  Bend-limited  approximation 
to  lmpulea  response  of 
aircraft 

■  Point-of-entry  (POE)  trana- 
tranafar  function 
Z  -  Matarial  ahielding 

*  transfer  impedance 
Yj  -  Joint  admittance 

-  Transfer  functions  account¬ 
ing  for  co(ii)artn.*nt  detail 


■  Tranamlaeion  line  coupling 
tranafer  function  including 
cable  shielding 

■  Avionics  box  protection 
function  including  penetra¬ 
tion  and  circuit  protection 
functions 

juxtaposition  of  transfer 
la  illustrated  pictorlally  in 

Further  detail  concerning  the 

above  tranafar  function  approach  to 

electromagnetic  coupling  applied  to 

aircraft  ia  given  in  [1]*  and  [2]. 
Examples  of  soma  of  the  above 

characteristic  tranafer  functions  are 

Illustrated  pictorlally  in  Fig,  2. 

DESCRIPTION  OF  IMF  METHOD 

The  double  exponential  time  function 

D(t)  -  A(e_0lt  -  e“et)  (2) 

is  often  used  to  model  lightning  waveforms 
[3)  where  the  parameters  a  end  P  may  be 
adjusted  to  change  the  ties  time  1/P  and 
fall  time  1/a  of  the  lightning  return 
■troke.  This  simple  double  exponential 
modal  la  assumed  to  sufficiently 

characterise  the  behavior  of  the  current  in 


*N umber*  in  brackets  indicate  references  at 
end  of  paper. 


D(f> 

TAC<f> 

TPOE^ 

Tc(f) 

tt(0 

V*> 

This 
functions 
Fig.  2. 
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tha  lightning  channal.  In  this  model,  the 
lightning  attachment  to  tha  aircraft  is  wall 
underway  and  tha  source  of  tha  channel  is 
traatad  aa  a  vary  high  impedance  currant 
ganarator  so  that  tha  aircraft  has  no 
loading  offset  on  tha  channal. 

Whan  a  conducting  aircraft  becomes 
part  of  tha  path  of  a  lightning  channal 
currant*  a  largo  charga  diaplacoaant  takaa 
placa  at  cartain  "junction"  polnta  on  tha 
aircraft  where  tha  channal  antars  and 
exits.  Thcsa  points  ara  daauad  "antry"  and 
"oxlt"  points,  vhara  tha  convant tonal 
rafaranca  diractlon  of  currant  la  implied 
to  danoto  charga  transfer.  Hara  wo  assume 
that  tha  antry  and  axlt  points  ara  glvan 
and  that  thay  coincida  with  nodes  In  tha 
triangular  surface  patch  nodal  [4,  5,  and  6] 
of  tha  aircraft  akin.  This  will,  in  fact, 
ba  tha  casa  whan  modelling  an  experimental 
setup  whara  currant  Injection  points  are 
wall  dafinad  [7].  Further  details 
concerning  tha  confutation  of  direct  strike 
akin  currants  stay  be  found  in  [6]  and 
details  concerning  direct  strike  teat 
methods  may  be  found  in  [8,  9,  and  10]  for 
operational  aircraft. 

A  widely  uaad  and  readily  available 
data  base  which  models  aircraft  akin  by 
surface  patches  is  the  so-called  NASTRAN 
data  base  [11] .  An  example  of  thla  is 
shown  in  Fig.  3  for  the  Black  Hawk 
helicopter .  In  order  to  solve  for  tha  akin 
currants  by  the  method  of  moments,  a  reduced 
data  baaa  consisting  of  triangular  surface 
patches  is  created.  Examples  of  thasa  ara 
shown  in  Figs.  4  through  7  for  tha  Black 
Hawk  helicopter  and  F-14  fighter  aircraft. 
Hera  wa  have  picked  various  direct-strike 
entry  and  axlt  points  and  pictnrlally 
represented  the  normalised  1  MHr.  component 
of  the  direct  strike  akin  currant  density 
distribution.  Vectors  ara  drawn  at  the 
centroid  of  each  visible  triangular  face  to 

indicate  the  direction  of  Re{jg  u^Wt} 

for  a  particular  wt,  where  the  skin  currant 

phasor,  Jg,  Is  found  at  each  centroid  from 

the  coefficients  of  triangular  patch 
expansion  at  adjacent  edgea.  For  the 
pictures  shown  here,  o>t  was  taken  to  be 
aero.  Current  magnitude  Information  may  be 
obtained  from  Fig.  S  and  7  where  numbers 
from  0  to  9  ara  printed  on  each  triangular 
face  to  Indicate  the  magnitude  of  the 
currant  at  that  face  scaled  relative  to  the 
maximum  current. 

At  level  B  of  the  Interaction  table  the 
akin  currents  Jg  and  charges  pg,  which 

are  obtained  from  Jg  by  the  equation  of 

continuity,  drive  a  model  for  the  particular 
POE  under  consideration.  This  may  ba  a 
composite  avionics  bay  door,  or  a  joint  or 


seam  in  tha  aircraft  akin.  For  each  casa, 
wt  relate  Internal  aources  J*nt,  M*nt 
to  Jg  by: 

*  Joints  -  joint  admittance  Yj 

Mlnt  -  Y^Jg  (3) 

*  Composite  Panels  -  transfar  impedance 

Mlnt  -  Zfc  Jg  (4) 

Tp0g(f)  is  thus  defined  by  Zfc  or  Y~* 

depending  on  tha  POE  under  consideration. 
Tha  affects  of  morn  than  one  POE  are 

linearly  suparposad. 

The  interior  sources  radiate  in  tha 
prasenca  of  an  interior  compartment  to 

produce  tha  interior  fields  K*nt  and  Hlnt. 

V  I 

Tha  transfer  functions  T  and  T_ 
account  for  tha  affect  of  tha 
compartment  detail.  An  example  of  tha 
affects  of  the  compartment  transfer  func¬ 
tions  is  shown  in  Fig.  8  where  a  two- 

dimensional  field  mapping  of  tha  F-14  cock¬ 
pit  is  illustrated  for  a  noaa-tail  strike. 

At  successive  levels  of  interaction, 
tha  complexity  of  the  problem  can 
exponentially  increase  if  one  tries  to 
accurately  modal  the  excitation  of 
convoluted  messes  of  cable  bundles.  Hers 
wa  assume  that  a  bundle  of  wires  routed 
from  one  box  to  nothar  within  tha 
penetrated  compartment  of  interest  may  ba 
modeled  by  a  transmission  line  whara  a 
single  TEM  mode  la  assumed.  The  interior 
fields  ara  used  to  determine  distributed 
voltage  and  currant  excitations  along  tha 
line  so  that  wa  may  write 


v,(f)  l  yt.l)  +  vg(f,t) 


/ 
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At 


y*,t)  +  vi(t,t) j 

(5) 


The  functions  Gg  ara  obtained  from  a 

straightforward  solution  of  tha  trans¬ 
mission  line  aquations  using  impulsive 
voltage  and  currant  sources. 

In  soma  casas,  the  bulk  voltages  and 
currants  may  be  used  to  define  an  avionics 
box  protection  function  Tp  given  by 


where  Ifi  and  VB  aca  tha  threshold  box 

current  and  voltage  damage  level a, 
raapectlvaly.  Tp  gives  tha  additional  box 

protection  required  agalnat  the  computed 
bulk  voltage  and  current  1^. 

CONCLUSION 

Tha  utility  of  the  above  procedure  la 
nade  apparent  whan  put  In  the  fora  of  a 
user-oriented  deaign  program.  Data  baaaa 
which  describe  the  various  frequency  domain 
transfer  functions  are  accessed  aa  needed 
and  can  be  updated  or  changed  depending 
upon  design  constraint*.  Once  tha  exact 
location  of  a  cable  bundle  la  described 
Inside  tha  aircraft,  aa  wall  as  all  of  it* 
associated  POEe,  Induced  currant  and 
voltage  levele  may  be  computed  for  a  given 
lightning  stroke  situation.  An  axaapla  of 
this  type  of  computation  for  a  "generic" 
cable  harness  In  the  nose  wheel  wall  of  an 
F-14  aircraft  Is  given  In  Fig.  9. 

REFERENCES 

1.  R.F.  Wallenberg,  D.T.  Auckland,  and 
J.A.  Birken,  "A  Transfer  Function  Approach 
to  Coupling  to  the  Interior  of  a 
Coaposlto/Metal  Aircraft  Based  on  a 
Triangular  Patch  Hodel",  IEEE  International 
Syapoaiua  on  EMC,  Santa  Clara,  September 
1962. 

2.  R.  Wallenberg,  et.  al.,  "Advanced 
Composite  Aircraft  Electromagnetic  Design 
and  Synthesis",  Syracuse  Research 
Corporation  Interim  Report  SRC  TR  79-490, 
Syracuse,  Mew  York,  April  1980. 

3.  E.T.  Pierce,  et.  al.,  "Natural 
Lightning  Parameters  and  their  Simulation  In 
Laboratory  Teats",  SRI  Project  3082, 
February  1976. 

4.  S.M.  Rao,  "Electromagnetic 
Scattering  and  Radiation  of  Arbitrarily 


Shaped  Surfacee  by  Triangular  Patch 
Modelling",  Ph.D.  Dissertation,  University 
of  Mississippi,  August  1980. 

5.  S.M.  Rao,  D.R.  Wilton,  end  A.W. 
Glisson,  "Electromagnetic  Scattering  by 
Surfaces  of  Arbitrary  Shape",  IEEE 
Traneactlone  on  Antennae  and  Propagation, 
Vol.  AP-30,  May  1982,  pp  409-418. 

6.  D.T.  Auckland  and  C.C.  Cha,  "A 
Model  for  Direct-Strike  Lightning 
Excitation  of  a  Conducting  Body",  IEEE 
International  Symposium  on  EMC,  Santa 
Clara,  CA,  September  1982. 

7.  PLLASH  (Full  Level  Lightning 
Aircraft  System  Hardening)  Testa  performed 
on  the  F-14  and  F-18  aircraft  at 
Albuquerque,  MM,  under  the  direction  of 
J.A,  Birken,  Naval  Air  Systems  Command, 
Spring-Summer  1982. 

8.  R.A.  Persia,  "Full  Level  Lightning 
Aircraft  System  Hardening  (EL LASH)  Teat 
Plan  for  Lightning  Tasting  of  the  F/A-18A", 
prepared  for  Syracuse  Research  Corporation 
under  Purchase  Order  6008  and  Naval  Air 
Systems  Command  Prime  Contract 
N00019-82-C-0088,  March  1982. 

9.  R.A.  Persia,  "Full  Level  Lightning 
Aircraft  System  Hardening  (FLLAflH)  Test 
Plan  for  Lightning  Testing  of  the  F-14A 
Aircraft",  prepared  for  Syracuse  Research 
Corporation  under  Purchase  Order  6000  and 
Naval  Air  Systems  Coamand  Prime  Contract 
N00019-82-C-0088,  February  1982, 

10.  J.D,  Robb  and  J.D.  Herring, 
"Lightning  Tests  Sikorsky  Black  Hawk", 
prepared  by  Lightning  and  Transients 
Rassarch  Institute,  2531  West  Sumner  Straet, 
St.  Paul,  Minnesota,  for  Sikorsky  Aircraft 
Company  under  Purchase  Order  208578, 
January  1980. 

11.  H.C.  Schaeffer,  "MSC/NA8TRAM 
Primer,  Static  and  Normal  Model  Analysis", 
Schaeffer  Analysis,  Inc.,  1979. 


16-4 


Fig,  3  -  NASTRAH  External  Skin  Data  Baae  for  Black  Hawk  Helicopter 


4  -  Top  Oblique  View  of  Black  Hawk  Showing  Surface  Currenta  Re{jg}  for 

Hein  Rotor- to-landing  Gear  Direct  Strike  Injection  Current  of 
1  amp  at  Frequency  of  1  MHz 


ig.  6  -  Top  Oblique  View  of  F-14  Showing  Surface  Currants  Re{£b}  for 
Nose-to-Tail  Injection  Current  of  1  amp  at  Frequency  of  1  MHr 
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Fig.  7  -  Illustration  Showing  Magnitudes  of  Current 
Vectors  in  Fig.  6  Scaled  Relative  to  |J**| 


X-axis  (m) 


Equlpotentlal  lines  at  cross  section  of  F-14 
fuselage  station  320  Inside  aircraft  test 
fixture.  The  fuselage  carries  the  injected 
current,  which  is  returned  to  the  generator 
by  return  conductors.  This  is  used  to 
estimate  field  levels  inside  large  apertures 
and  the  total  Inductance  of  test  fixtures. 


x's  indicate  aircraft 
test  fixture  return 
conductors 

<(>£  "  83.39V  (potential 
of  fuselage) 

<t>r  “  -16.61V  (potential 
of  return  conductor 


A  =  -10V 


S  S  80V 

5V  Intervals 


Fig.  8  -  Field  Lines  Inside  F-14  Cockpit  for  Nose-Tall  Strike 
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Example  of  transmission  line  model  applied 
to  F-14  wire  bundle  coupling  in  large 
aperture  region.  Distributed  FOE  fields  are 
computed  by  two-dimensional  field 
penetration  results. 


Open-circuit  voltage  at  terminal  1  of  Bundle 
2  when  Terminal  2  is  terminated  in  50ft. 


Fig.  9  ••  Generic  Cable  Bundle  Results  for  F-14 
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ABSTRACT 

^Recent  results  have  shown  that  the  electromagnetic  resonances  of  an  aircraft 
can  bj  excited  by  lightning.  Each  resonance  may  be  characterised  by  a  particular 
frequency  and  damping  rate,  and  these  two  quantities  taken  together  constitute  a 
"natural  freqve.K.y.  One  way  to  determine  the  natural  frequencies  is  by  applying 
Prony  aralyr - ?  to  waveforms  measured  during  lightning  strikes.  This  involves  a 
numerical  t«  •  Ujue  for  fitting  a  series  of  damped  sinusoids  to  the  measured  wave¬ 
forms  r. 

Electric  and  magnetic  field  waveforms  recorded  on  the  N.A.S.A  F-106B  aircraft 
during  lightning  strikes  have  been  analysed  using  the  Prony  technique.  A  number 
of  natural  frequencies  have  been  determined,  and  these  are  in  substantial  agreement 
with  the  frequencies  observed  on  a  laboratory  model  of  the  airplane.  The  process 
of  determining  the  frequencies  is  not  without  difficulties,  and  some  waveforma 
yield  much  better  results  than  others. 
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INTRODUCTION 

The  success  of  the  N.A.S.A.  storm  hazards 
research  program  in  1982  has  resulted  in  a 
large  number  of  direct-Btrike  lightning  sign¬ 
atures  (l)»*  These  include  time-domain  wave¬ 
forms  of  3B/3t,  3D/3t,  31/ at ,  and  I  measured 
on  the  F-106B  aircraft.  Analysis  of  these 
waveforms  is  now  underway,  and  this  paper  pre¬ 
sents  the  results  of  a  technique,  known  as 
Prony's  method  (2,3),  which  nas  been  applied 
to  21  of  the  1902  direct-strike  waveforms.  The 
technique  is  used  to  determine  the  electro¬ 
magnetic  resonances,  or  natural  frequencies, 
of  the  aircraft  in  the  lightning  channel.  Each 
natural  frequency  corresponds  to  e  particular 
electromagnetic  field  configuration  or  mode. 
The  application  of  Prony's  method  derives  from 
the  singularity  expansion  method  (S.E.M.)  of 
Baum  (4)  where  the  fields  on  an  object  are  ex¬ 
pressed  in  terms  of  a  set  of  natural  frequen¬ 
cies.  Prony's  method  extracts  these  frequen¬ 
cies  from  the  time-domain  waveforms. 

Resonance  is  a  fundamental  phyoical 
phenomenon  and  represents  one  of  several  as¬ 
pects  of  an  aircraft-lightning  interaction 
which  are  important  areas  of  study.  In  the 
in-flight  situation,  the  resonances  of  the 
aircraft  modify  the  fields  imposed  by  the 
lightning  by  enhancing  the  spectral  coaponenta 
lying  at  or  near  the  resonance  frequencies. 
Thus,  some  knowledge  of  the  resonances  ia  ne¬ 
cessary  for  interpreting  the  measured  light¬ 
ning  data.  In  addition,  the  lightning  channel 
plays  a  role  in  determining  the  characteris¬ 
tics  or  the  resonances  including  their  fre¬ 
quencies  and  damping  rates.  Thus,  detailed 
studies  of  the  resonances  observed  during 
lightning  strikes  can  yield  information  about 
the  channels.  The  resonances  are  not  the 
same,  for  example,  as  they  would  be  for  the 
case  of  a  nearby  lightning  flash  or  a  nuclear 
EMP,  where  there  is  no  channel  attachment.  Of 
course,  the  channels  have  time-dependent  and 
nonlinear  properties;  our  technique  doe3  not 
attempt  to  investigate  these. 

Our  first  attempts  at  applying  Prony  ana¬ 
lysis  to  F-106  data  were  carried  out  on  a 
rather  limited  amount  of  1980  and  1981  data 
and  have  been  discussed  in  a  paper  at  this 
conference  last  year  (5)  and  in  a  report  (6). 
A  parallel  effort  haa  involved  a  study  of  the 
resonances  of  a  laboratory  model  of  the  F-106 
(6,7).  The  present  paper  deals  primarily  with 
the  new  results  obtc'ned  from  the  F-106  in 
1982  and  briefly  mentions  the  laboratory  model 
results  for  comparison. 

RESULTS  FROM  THE  F-106 

APPLICATION  OF  PRONY  ANALYSIS  TO 
IN-FLIGHT  WAVEFQRMS-Prony  analysis  is  a  tech¬ 
nique  for  fitting  a  given  waveform  with  an- 

*Numbers  in  parentheses  designate 

references  at  end  of  paper. 


other  waveform  consisting  of  a  sum  of  damped 
sinusoids.  This  sum,  sometimes  called  a  Prony 
aeries,  can  also  bo  written  with  complex  ex¬ 
ponentials.  For  example, 


30  r  iL 
— i  Rie 

3t  i=i 

where  the  e^'s  are  the  complex  or  "natural" 
frequencies  of  the  waveform.  8i  =  °i  +  jwi> 
where  a ^  is  the  damping  rate  and  is  the 
radian  frequency.  The  s^'s  are  also  called 
"poles"  since,  if  the  aeries  were  Laplace 
transformed,  the  s^'s  would  be  poles  In  the 
Laplace  domain.  The  Rj's  are  called  residues, 
again  from  considering  the  Laplace  transform. 
Since  we  will  be  dealing  only  with  real  wave¬ 
forms,  the  Bi'  aand  the  Rj'a  must  occur  i,n 
complex-conjugate  pairs.  All  of  the  o^'s  are 
negative.  The  "order"  of  the  aeries  is  N. 

Fitting  the  measured  waveform  with  the 
Prony  series  means  finding  the  R^'e  and  sj'e. 
Prony's  method  of  doing  this  is  to  first  con¬ 
struct  a  polynomial  which  has  essentially  the 
s^'b  as  its  roots,  and  then  to  solve  for  the 
rootB.  Last,  the  Rj'b  are  found  by  equating 
the  Prony  series,  with  b*  values  substituted, 
to  the  given  waveform  at  N  different  times.  We 
have  written  a  FORTRAN  computer  code  to  carry 
out  these  ateps;  a  detailed  description  1b  to 
be  found  in  Ref.  6. 

To  run  the  code  on  a  particular  waveform, 
a  value  must  first  be  assumed  for  the  order. 
The  code  will  nccept  any  order  up  to  36.  ThuB 
far,  for  in~fHght  lightning  waveforms  we  have 
used  orders  in  the  range  15  to  20.  For  a 
given  order,  N,  there  are  2N  numbers  to  be  de¬ 
termined  -  N/2  poles  with  real  and  imaginary 
parts  and  N/2  residues  with  real  end  imaginary 
parts.  Thus  ZN  or  more  points  of  the  given 
waveform  are  needed.  Our  code  always  uses  ex¬ 
actly  2N  waveform  points. 

We  think  of  the  reapunse  of  the  airplane 
to  the  lightning,  that  ie,  the  measured  wave¬ 
form,  as  being  the  result  of  the  convolution 
of  a  lightning  input  waveform  with  the  air¬ 
plane  impulse  response.  From  the  S.E.M.  we 
know  that  the  impulse  response  consists  of  a 
sum  of  damped  sinusoids.  If  the  lightning  in¬ 
put  is  also  of  this  form,  then  one  can  readily 
show  that  so  also  la  the  convolution.  In  this 
case  Prony's  method  will  work  well,  and  the 
poles  (and  residues)  of  the  measured  waveform 
are  extracted.  These  poles  are  the  poles  of 
the  airplane-and-channel  and  of  the  lightning 
input.  However,  in  the  case  where  the  light¬ 
ning  input  is  not  of  the  damped  sinusoidal 
form,  part  or  all  of  the  measured  waveform 
will  not  be  either.  The  Prony  analysis  may 
not  be  able  to  fit  the  meaaured  waveform;  it 
may  not  be  able  to  extract  any  poles. 

SUMMARY  DF  RESULTS  -  Application  of  the 
Prony  code  to  the  1982  data  haa  met  with  seme 
successes  and  some  failures.  Out  of  a  total 
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of  21  waveforms,  the  code  failed  to  extract 
poles  from  7 y  and  the  results  from  several 
others  are  suspect  because  of  the  deleterious 
effect  of  quantization  errors. 

The  most  successful  case  was  waveform 
B-dot  82-038-02,  recorded  from  the  B-dot  sen¬ 
sor  located  on  the  aft  fuselage  over  the  star¬ 
board  wing.  This  sensor  measures  38/3 t  assoc¬ 
iated  with  longitudinal  current.  The  waveform 
is  shown  in  Fig.  1  (labeled  B-DOTL).  We  inter¬ 
pret  this  waveform  as  consisting  of  a  series 
of  several  lightning  (derivative)  pulses  with 
accompanying  ringing  of  the  aircraft.  The 
largest  pulse,  poaitive-going  at  about  0.5  pS, 
and  the  oscillations  following  it  were  choaen 
for  the  Prony  analysis.  An  expanded  plot  of 
this  portion  of  the  waveform  (with  its  Fourier 
transform)  is  shown  in  Fig.  2.  Superimposed 
on  it  1b  the  Prony  fitted  or  reconstructed 
waveform.  Evidently  there  were  no  lightning 
pulees  during  the  ringing  time  since  the  fit 
is  excellent.  The  RMS  error  between  the  mea¬ 
sured  and  the  reconstructed  waveforms  is  6.2%. 
In  general,  one  must  be  careful  to  select  a 
section  of  waveform  or  "data  window"  for  Prony 
analysis  where  the  ringing  le  undisturbed  by 
lightning  pulses,  since  the  Prony  code  will 
not  give  a  good  fit  or  good  poles  if  there  are 
delayed  input  pulsea. 

The  poles  extracted  from  the  Fig.  2  wave¬ 
form  are  listed  in  Table  1.  For  each  of  the 
eight  poles  the  table  gives  normalized  values 
of  si  and  uj[,  with  the  frequency,  2^,  in 
parentheses.  The  normalization  was  done  by 
dividing  by  Cw/L,  where  C  ia  the  Bpeed  of 
light  and  L  is  the  length  of  the  F-106, 
17.23m.  This  yields  a  normalized  of 
unity  for  a  half-wavelength  resonance.  As  can 
be  seen  from  the  table,  the  actual  first  reso¬ 
nance,  at  0.72,  is  a  bit  lower  than  this.  The 
values  in  Table  1  are  averages  and  have  been 
obtained  in  the  following  wayi  The  code  was 
run  for  the  orders  15,  17,  and  19.  Orders 
lower  than  15  were  found  to  yield  large  RMS 
error.  Orders  greater  than  19  geve  low  RMS 
error  but  the  polea  became  somewhat  variable 
as  the  method  apparently  was  giving  precise 
fits  to  imperfections  in  the  waveform  c  sed 
by  small  quantization  errors  and  perhaps 
lightning  input  fluctuations.  For  each  of  the 
three  orders  the  code  was  run  for  three  data 
windows,  each  displaced  from  the  next  by  one 
time  increment  (10  ns).  Corresponding  poles 
from  the  nine  runs  were  sveraged  together.  A 
run  requires  about  2  minutes  of  minicomputer 
time,  including  the  time  for  printing  out  the 
polea,  the  reeidueo,  and  the  RMS  error  of  fit. 
By  doing  multiple  rune  in  thie  way  ws  can  de¬ 
termine  the  stability  of  the  poles,  that  Is, 
the  amotmt  they  change  when  the  order  «r  the 
set  of  wavsform  pointr  le  changed  slightly. 
Only  stable  poles  are  considered  meaningful. 

The  spread  in  the  damping  rete  and  in  the 
frequency  of  each  pole  ia  shown  in  parentheses 
in  the  tablo.  These  are  all  stable  polea. 


Aa  to  the  meaning  of  the  polea  in  Table 
1P  it  ia  clear  that  poles  2  through  8  are  the 
natural  frequencies  of  the  resonant  modes  of 
the  aircraft-lightning  channel  system.  Their 
frequencies  and  damping  rates  are  similar  to 
those  of  our  laboratory  model  of  the  F-106 
discus*^  below.  Unfortunately,  the  locations 
of  the  attachment  points  are  not  known  for 
this  strike,  so  a  detailed  comparison  with  the 
modal  la  not  as  helpful  as  it  might  be.  The 
first  pole,  which  hae  zero  frequency  and  thus 
represents  a  decaying  exponential,  is  not  seen 
on  the  model  and  ia  evidently  due  to  the  lig¬ 
htning. 

A  B-dot  waveform  (Ddot  82-038-02)  was 
recorded  on  the  F-106  along  wltn  the  B-dot 
waveform  of  Fig.  1.  The  D-dot  sensor  ia  loc¬ 
ated  under  the  nose  of  the  aircraft  and  meas¬ 
ures  3  0/ 3t  +  3  normal  to  the  surface.  The 
contribution,  it’  any,  to  the  recorded  waveform 
from  the  conduction  current  D  ia  not  known. 
Only  if  0  a  0  ia  the  aanaor  truly  a  "D-dot" 
sensor.  The  waveform  is  shown  in  Fig.  3  (lab¬ 
eled  D-D0TF),  Notice  that  the  aircraft  reson¬ 
ances  ride  on  a  slow,  positive-going  variation 
which  is  not  present  in  the  B-dot  waveform. 

Tha  Prony  analysis  nf  B-dot  62-038-02  was 
not  quite  as  successful  as  for  B-dot .  There 
were  only  two  good  orders,  in  the  sense  of 
stoblo  poles  and  low  RMS  error  of  fit,  17  and 
18.  Figure  4  shows  the  section  or  waveform 
used  in  the  analysis  (and  its  Fourier  trans¬ 
form)  and  the  reconstructed  wavuform  for  order 
18.  The  error  in  the  fit  wae  7.4%.  Table  2 
lists  the  polee.  The  values  were  obtained  by 
averaging  the  polea  from  three  windows  for 
order  17  and  three  windows  tor  order  18. 

On  comparing  the  polea  in  Table  1  and 
Table  2,  it  le  seen  that  there  la  quits  good 
agreement.  Excluding  the  first  pole,  the 
average  difference  between  corresponding  damp¬ 
ing  rates  is  12%  and  between  frequencies,  4%. 
These  numbers  are  probably  good  estimates  for 
the  accuracies  of  the  pole  values  sinus  ideal¬ 
ly  the  agreement  would  ha  exact.  The 
high-frequercy  poles  at  41  and  45  MHz  in  B-dot 
were  not  extracted  from  D-dot,  so  their  accur¬ 
acy  is  less  certain  than  the  others.  Of 
course,  the  accuracy  of  any  pole  is  In  doubt 
if  Its  amplitude,  that  Is  Its  residue,  le 
weak.  Fortunately,  none  of  the  residues  of 
B-dot  is  very  weak,  with  the  weakest  only  18dB 
down  from  the  ctrongtst.  The  situation  for 
D-dct  is  not  quite  se  good,  with  the  weakest 
residue,  at  37.5  MHz,  being  29dB  down. 

Some  comments  are  in  order  reyerdlng  the 
general  characterlatica  of  the  resonances  in 
the  198?  date.  The  frequency  spectrum  in  Fig. 
2  contains  one  dominant  peak,  that  of  the 
first  aircraft  resonance  lying  at  about  6.5 
MHz.  The  Q  of  the  resonance  (from  the  dmsping 
rate  and  frequency  in  Table  1)  is  2.5.  Spec¬ 
tra  from  the  other  strides  reveal  that  other, 
higher  frequency  resonances  sometimes  domina¬ 
te,  for  example  20  MHi.  and  41  HHz)  and  often 
several  of  the  resonances  are  present  in 
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roughly  equal  strength.  Some  of  this  variab¬ 
ility  is  probably  due  to  differences  in  atta¬ 
chment  point  locations  since  the  various  modes 
would  be  excited  differently  depending  on  the 
current  injsction  point  on  the  aircraft.  In 
principle -  the  modes  themselves  would  also 
change  somewhat  with  attachment  point  because 
the  channel  is  part  of  the  overall  conductor 
topology.  In  practice  the  mode  changes  will 
be  small  if  the  channel  impedance  is  large. 

In  general  terms,  the  poles  extracted 
from  the  1982  waveforms  can  be  described  as 
follows?  Pole  frequencies  lie  consistently  at 
about  6.5,  13,  20,  and  41  MHz  and  sometimes  at 
about  26,  29,  35,  37  and  44  MHz.  The  damping 
rates  of  the  poles  generally  lie  between  -.15 
and  -.35.  They  are  less  stable  than  the  fre¬ 
quencies,  during  consecutive  Prony  analysis 
runs  on  the  aame  waveform.  The  analysis  failed 
more  often  on  I-dot  and  D-dot  waveforms  than 
on  B-dot. 

As  an  aside  we  note  that  there  are  9 
pairs  of  simultaneously  recorded  B-dot  and 
D-dot  waveforms  among  the  total  of  21.  Figures 
1  and  3  are  an  example  of  a  pair.  The  remain¬ 
ing  waveforms  are  of  I-dot.  The  potencies  of 
all  of  the  B-dot-D-dot  pairs  indicate  lightn¬ 
ing  pulses  of  positive  charge  flowing 
fore-to-aft  on  the  airplane. 

The  1-dot  waveform  shown  in  Fig.  5  is  an 
example  of  one  for  which  the  Prony  analysis 
failed.  Apparently,  the  waveform  contains 
close] y  spaced  lightning  puloea.  Tnie  inter¬ 
pretation  is  supported  by  the  frequency  spec¬ 
trum,  also  shown  in  Fig.  5.  The  epeutrun  con¬ 
tains  a  strong  peak  at  15  MHz  instead  of  peaks 
at  the  airplane  resonances  of  6.5,  20,  ate.  A 
current  (1)  waveform  recorded  simultaneously 
revaula  that  the  I-dot  pulses  are  actually  the 
feat  changes  on  the  leading  edge  of  a  3.6kA 
current  pulse.  The  trailing  edge  ia  slower 
and  doeo  not  ha.'e  a  large  enough  derivative  to 
register  in  the  I-dot  acale.  Doth  I  and  I-dot 
were  measured  on  a  conductor  inside  the  radome 
connected  between  the  noaeboom  and  the  fuse¬ 
lage. 

EFFECT  OF  WAVEFORM  QUANTIZATION- The  tran¬ 
sient  recorders  on  board  the  F-106  utilize 
6-bit  digitization  and  so  quantize  the  aenao.v 
output  waveforms  into  a  maximum  of  64  levels 
(36  cJB  dynamic  range),  F  quantization  can 
be  expected  to  affect  the  accuracy  of  the 
poles  extracted  by  our  Prony  analysis.  In 
order  to  examine  this  effect,  we  have  artifi¬ 
cially  reduced  the  size  of  one  of  the  large  a- 
mplitude  waveforms,  thus  increasing  the  quan¬ 
tization  error,  and  .recalculated  the  poles. 
The  waveform  was  B-dot  82-03U-(J2  (Fig.  1),  the 
one  giving  the  beat  Prony  results.  It  had  a 
peak  extent  of  31  levele,  with  56  peak-to-pe- 
ak.  It  was  reduced  to  a  peak  of  Just  5 
levele,  which  coincides  with  the  trigger  level 
eutting  of  tho  transient  recorders.  This  ia 
the  worst-case  rituaticn  for  quantization. 


The  poles  of  the  reduced  waveform  are 
given  in  Table  3  and  may  be  compared  with 
those  in  Table  1  for  the  original  waveform. 
Notice  that  the  frequencies  of  the  poles  have 
been  changed  only  slightly  by  the  quantiza¬ 
tion,  some  moving  upward  and  some  downward. 
The  damping  factor,  -.19,  of  the  loweat-frag- 
uency,  and  strongest,  aircraft  resonance  ie 
unchanged.  The  danping  factors  of  moat  of  the 
others,  however,  have  bean  systematically 
lowered,  some  by  over  a  factor  of  2.  The  sta¬ 
bility  of  the  damping  factors  is  also  much 
worse.  Thus,  it  ie  seen  that  the  degree  of 
quantization  typical  of  the  weakest  in-flight 
waveforms  can  pretty  much  destroy  the  accuracy 
one  would  hope  to  achieve  for  the  damping  fac¬ 
tors. 

COMPARISON  WITH  RESULTS  FROM  THE  LABORA¬ 
TORY  MODEL-An  approximate  acale  model  of  the 
F-106  has  been  tested  In  our  laboratory  using 
feat  current  pulseB  applied  by  wires  connected 
to  the  model  (6,7).  B-dot  and  D-dot  fields  on 
the  model  have  been  recorded  and  analyzed  with 
the  Prony  code. 

Before  considering  tho  results  from  the 
model,  it  ia  worth  mentioning  the  effect  that 
attached  wiea  can  have  on  the  poles  of  an  ob¬ 
ject.  The  effect  wee  observed  by  using  a  sim¬ 
ple  object,  a  circular  cylinder,  in  place  of 
the  F-106  model.  The  wirea  wars  attached  to 
the  ends.  The  resulting  poles  were  compared 
with  known  polea  of  a  cylinder  having  no  wires 
attached  and  excited  by  an  incident  wave.  The 
differences  observed  in  the  poise  were  that 
the  damping  ratae  ware  increased  considerably 
and  the  frequencies  Juat  slightly  by  the  pre¬ 
sence  of  the  wires. 

We  now  turn  to  the  results  obtained  from 
the  F-106  model.  The  model  was  connected  to 
the  wires  in  four  different  configurations  to 
simulate  four  lightning-channel  attachment  po¬ 
ssibilities  (6).  The  values  of  the  resulting 
poles  vary  somewhat  depending  on  the  configu¬ 
ration!  the  average  frequencies  of  the  poles 
are  7.5,  13,  19,  24,  29,  35,  and  41  MHz.  The 
approximate  agreement  between  these  frequenc¬ 
ies  and  the  in-flight  frequencies  given  earl¬ 
ier  (6.5,  13,  20 y  25,  29,  35,  37,  41,  44) 
makes  it  clear  that  the  poles  in  the  in-flight 
duta  really  are  thoae  of  the  aircraft.  It 
also  indicates  a  certain  degree  of  correctness 
of  the  model.  The  largest  discrepancies  in¬ 
volve  7.5  MHz,  which  is  a  bit  high,  and  19  and 
24  HHz,  which  are  a  bit  low.  These  suggest 
that  some  refinement  to  the  geometry  of  the 
model  may  be  In  order.  The  frequencies  37  and 
44  MHz  have  not  been  identified  es  polee  of 
the  model ,  but  our  present  experimental  techn¬ 
ique  does  not  cauae  poles  in  this  high-frequ¬ 
ency  region  to  be  strongly  excited.  We  have 
coventrated  on  the  low-frequoncy  poles,  as¬ 
suming  that  these  would  be  the  strongest  in 
tha  in-flight  situation.  It  wgs  somewhat  sur¬ 
prising  to  discover  poles  excited  in-flight 
right  up  to  the  50  MHz  Nyquist  frequency. 
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,1,hf  ^Ping  rates  of  the  poles  of  the 
h!del!  .llue^Btween  -*21  and  -.49  and  ao  tend  to 
.**  t  larger  (more  negative)  than  those 

Tables  1  and  2.  This  may  be  due  to  the 
act  that  the  lightning  channel  impedance 
during  the  82-038-02  event  was  larger  then  the 
impedance  of  tho  wires  on  the  model .  Thus  the 
resonance  energy  was  not  carried  away  as 
quickly  by  the  channel  ag  it  is  by  the  wires. 

To  determine  how  big  an  effect  the  ligh¬ 
tning  channel  has  on  the  damping,  one  should 
look  at  the  polea  from  nearby  strikes  where 
there  ia  no  attachment  at  all  and  the  damping 
is  at  a  minimum.  In  our  report  (6)  we  pre¬ 
sented  poles  from  1981  nearby  atrlkes  and 
showed  that  the  damping  rates  wore  fairly 
small,  -.14  to  -.19  for  the  first  pole.  How¬ 
ever,  this  is  only  slightly  smaller  than  the 
-.17  to  -.19  from  Tables  1  and  2,  ao  in  thia 
case  the  difference  may  be  insignificant.  Thus 
far,  the  amount  of  nearby  data  la  limited,  and 
most  i 8  low  in  amplitude  and  so  may  have 
biased  damping  ratea  due  to  quantization  as 
discussed  above.  Additional  large  amplitude 
nearby-strike  data  is  needed. 


CONCLUSIONS 

The  Prony  analysis  technique  can  be  ap¬ 
plied  successfully  to  at  least  some  in-flight 
waveforms.  In  thia  way,  natural  frequencies 
of  tho  aircraft-channel  system  are  determined. 
Ibis  ia  illustrated  by  the  good  results  for 
B-dot  and  D-dot  in  strike  82-038-02. 

The  closeness  of  agreement  between  the 
poles  of  a  simultaneously  measured  pair  of 
waveforms  was  used  as  an  indication  of  the  ac¬ 
curacy  of  the  poles.  For  waveforms  which  are 
not  paired  in  this  way,  or  for  pairs  where 
only  one  has  a  successful  Prony  analysis,  the 
accuracy  of  the  polea  is  less  certain. 

Some  damping  ratea  extracted  from  wave- 
forma  of  low  amplitude  are  inaccurate  due  to 
the  coarse  quantization  of  the  waveforms.  This 
effect  was  seen  by  artificially  quantizing  the 
B-dot  02-038-02  waveform,  re-computing  the 
poles,  and  comparing  with  the  original  poles. 

The  general  characteristics  of  the  first 
five  poles  from  strike  82-038-02  are,  first, 
frequencies  located  at  roughly  equal  intervals 
between  6.3  and  35  MHz  and,  second,  damping 
rates  all  lying  between  -.19  and  -.25  (as  aeon 
in  Table  1). 
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Fig.  2  -  Expanded  portion  of  waveform  in  Fig. 
1  (solid  line)  along  with  Prony  reconstructed 
version  (solid  line  with  squares);  magnitude 
of  Fourier  transform  of  expanded  portion 
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Fig.  3  -  D-dot  82-038-02  waveform 
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Fig.  4  -  Expanded  portion  of  waveform  in  Fig. 
3  (solid  line)  along  with  Prony  reconstructed 
version  (solid  line  with  squares) ;  magnitude 
of  Fourier  transform  of  expanded  portion 
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Fig.  5  -  I -dot  82-044-02  waveform  and  magni 
tude  of  ita  Fourier  transform 
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ABSTRACT 

The  coupling  of  electromagnetic  energy  through  apertures  has  received  a  great 
deal  of  attention  in  recent  years.  This  recent  research  has  been  both  theoretical 
and  experimental  in  nature  and  has  been  focussed  on  the  problems  associated  with 
apertures  which  are  snail  compared  to  a  wavelength. 

The  results  of  this  research  can  be  applied  to  the  problem  of  determining  the 
transient  signals  induced  on  conductors  behind  an  aperture  by  lightning  and  static 
charging.  While  the  problem  of  determining  induced  transients  in  complex  systems 
(such  as  aircraft  or  ground-based  facilities)  cannot  be  solved  exactly,  the 
research  of  the  past  few  years  Indicates  that  upper  bounds  can  be  determined  for 
these  transients.  This  paper  reviews  our  recent  work  on  aperture  coupling  and 
applies  the  results  t:o  models  of  airborne  and  ground-based  facilities. 

Tlie  nature  of  this  recent  work  is  such  that  reasonable  upper  bounds  cen  be 
determined  without  the  use  of  extensive  computer  codes.  The  Bystem  designer  can 
determine  quickly  whether  or  not  a  particular  aperture  presents  a  problem  for  elec¬ 
tronic  systems  located  behind  the  aperture.  The  analysis  performed  in  recent  years 
has  been  of  two  different  types:  transmission  line  modeling  of  canonical  circuits 
behind  the  aperture,  and  matrix  formulation  of  Maxwell's  equations.  Both  approches 
lead  to  relatively  straightforward  expressions  for  bounds  on  transient  voltages 
and  currents  on  conductors  behind  the  aperture.  Our  laboratory  measurements  on 
test  apertures  are  used  to  investigate  the  suitability  of  these  bounds. 

The  results  of  this  research  can  also  be  applied  to  the  problem  of  generating 
realistic  specifications ,  standards,  and  teat  procedures  for  certifying  systems 
which  must  operate  in  the  natural  electrical  environment. 


This  paper  was  not  available  for  Incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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ABSTRACT 
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A  computer  simulation  system  has  been  developed  which  facilitates 
the  analysis  of  electrical/elactronic  systems.  Sponsored  by  the  Naval 
Air  Systems  Command  to  investigate  power  interface  transient  problems, 
the  program  is  called  the  Navy  Power  Systems  Simulator.  The  simulator 
is  used  as  a  system  engineering  tool  which  generates  and  processes 
models  of  virtually  any  electrical  network.  It  is  simple  to  use  and 
capable  of  automatically  producing  a  complex  system's  steady  state 
or  transient  output  response.  An^^ngineering  friendly"-* computer 
interface  has  been  achieved  by  the  extensive  use  of  interactive 
graphics  and  menu-driven  prompting. 

INTRODUCTION  A 


PRESENT  POWER  DISTRIBUTION  SYSTEMS,  both 
commercial  and  military,  are  directed  to 
satisfying  the  requirement  of  their 
principal  customers  -  typical  applica¬ 
tions  are  lighting,  heating,  and  prime 
power  for  machinery  equipment.  In  moat 
applications,  the  effects  of  transients  - 
lightning,  load  switching,  etc.  -•  are 
tiono,  the  effects  of  transients  -  light¬ 
ning,  load  switching,  etc.  -  are 
generally  of  small  consequence.  Little 
consideration  is  given  to  transients 
below  levels  which  jeopardize  the  dis¬ 
tribution  system  or  to  power  interruptions 
of  a  few  minutes  or  less . 

Unfortunately,  the  recent  quantum 
increase  in  applications  involving 
semiconductors  -  especially  in  the  area 
of  volatile  computer  memory  -  has  resulted 
in  a  large  sector  of  user  equipment 
which  is  extremely  sensitive  to  tran¬ 
sient  phenomena  at  the  power  interface. 
Filters,  transient  arrestors,  and 
battery  .supported  Uninterruptible  Power 
Systems  (UPS)  are  now  often  found  at 
the  power  interface  and  attest  to  the 
magnitude  of  the  problem. 

In  particular,  the  Naval  Air  Systems 
Command  has  become  aware  of  a  considerable 
loss  in  operating  hours  on  automatic 
test  systems  due  to  powerline  transients. 
Areas  of  concern  included  loss  of  test 
memory  and  teat  aborts  by  the  line 
monitor.  The  potential  for  erroneous 
indication  of  teat  unit  failure  is  alao 
a  concern.  The  cauae  of  these  problems 
was  often  traced  to  transients  at  the 
power  interface. 

A  clear-cut  example  occurred  in 
Florida.  Lightning  strikes  were  quickly 
correlated  with  major  interruptions 
in  avionic  repair  shop  operation.  Line 
transient  suppressors  were  installed 


and  the  problem  was  eliminated.  In 
other  locations,  the  problem  sources  are 
not  so  clear-cut.  A  thorough  analysis 
was  required  of  the  complex  systems  and 
variable  interface  factors.  In  many 
cases,  complex  solutions  were  indicated 
to  correct  the  problems.  Brute  force 
approaches  were  soon  found  to  be  cumber¬ 
some  and  expensive  -  the  need  for  a 
powerful  system  analysis  tool  was 
recognized .  NAVAIR  responded  by  spon¬ 
soring  the  development  of  the  Navy 
Power  Systems  Simulator  (NPSS)  Program. 

SIMULATOR  SYSTEM  CONFIGURATION  OVERVIEW 

The  simulation  system  is  based  on,  and 
retains  bb  a  core,  the  Bonneville  Power 
Administration  Electromagnetic  Transient 
Program  (EMTP).  The  powerful  and  flexible 
EMTP  program  has  been  developing  in  the 
power  systems  community  since  the  late 
I960' 8.  Over  this  period  it  has  become 
quite  complex,  and  to  be  applied  success¬ 
fully  it  requires  both  a  computer  back¬ 
ground  and  extensive  familiarization 
training  (U*.  The  thrust  of  the  develop¬ 
ment  effort  for  the  Naval  modeling  system 
was  therefore  directed  to  implementation 
of  a  "user-friendly"  computer  interface 
and  of  a  compatible  method  of  modeling 
the  various  user  systems  involved  in  the 
simulation.  Interactive  graphics  and  the 
concept  of  multi-level  input/output 
modules  in  system  definition  served  these 
goals  admirably. 

On  the  NPSS  only  a  few  hours  of 
instruction  in  users  procedures  are 
required  to  produce  useful  outputs. 

Although  the  EMTP  core  runs  in  FORTRAN, 
the  user  friendly  design  allows  operation 
of  the  modeling  system  with  no  real  need 

'■'Numbers  in  parentheses  designate 
References  at  end  of  paper. 
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for  formal  programming  languages .  The  use 
of  graphic  system  diagrams  provides  a 
familiar  engineering  oriented  interface, 
while  the  use  of  the  technically  power¬ 
ful  EMPT  core  provides  the  tool  needed  to 
solve  the  complex  transient  effects 
problems , 

The  input/output  configuration  is 
determined  by  the  placement  of  the  various 
steady  state  and  transient  generator  and 
measuring  device  symbols.  These  symbols 
are  introduced  during  system  layout.  At 
the  completion  of  the  run,  both  a  pre¬ 
cision  numeric  printout  of  the  system 
response  and  a  graphic  plot  on  the  CRT  or 
graphics  printer  are  available.  Depending 
on  the  symbols  chosen  during  the  system 
definition,  output  parameteirs  can  be 
either  voltage  and/or  current  amplitudes 
with  independent  parameters  of  either 
frequency  or  time  (total  Lime  and  time 
steps  or  frequency  range  and  frequency 
increments  are  entered  as  user  specified 
input  parameters).  The  hard  copy  of  a 
typical  layout  as  it  appeared  on  the  graph¬ 
ic  screen  is  shown  in  Figure  B-l,  Appendix  B. 

While  the  above  cited  features  are 
aimed  at  simplifying  the  engineering  task, 
they  cannot  replace  good  engineering.  The 
system  augments  the  skills  of  the  systems 
engineer,  allowing  him  to  execute  a  more 
accurate  analysis  in  less  time  and  provides 
an  optimum  method  of  presenting  and  mani¬ 
pulating  data.  Thus,  the  accuracy  and 
completeness  of  the  initial  layout  and  input 
data  are  important  to  the  success  of  the 
simulation. 

ANTICIPATED  APPLICATIONS 

PROBLEM  ANALYSIS  -Simulation  of  systems 
known  to  have  high  failure  rates  can 
establish  the  transient  levels  to  be  ex¬ 
pected,  highlight  design  weaknesses,  and 
verify  protective  schemes  and  their 
placement  in  the  system. 

NEW  SYSTEM  DESIGN  -  Simulation  of 
possible  system  design  configurations  and 
variation  of  critical  parameters  or  of 
component  locations  will  provide  a  much 
higher  success  rate  with  new  system 
layouts  and  proposed  modifications  to 
present  systems. 

COMPONENT  SELECTION  -  Transient  and 
steady  state  stress  in  terms  of  voltage, 
current,  and  power  are  readily  available 
from  system  simulations  and  may  be  used  to 
specify  special  characteristics  for  poten¬ 
tially  susceptible  components. 

PROCUREMENT  TRADE-OFF  STUDIES  -  Selec¬ 
tion  and  optimisation  of  the  various  sub¬ 
systems  for  a  large  scale  procurement  in 
terms  of  cost  effectiveness  are  simplified 
by  simulation  and  ranking  of  the  various 
options. 


SPECIFICATION  DEVELOPMENT  -  The 
establishment  of  optimum  limits,  pre¬ 
ferred  design  approaches  and  standards, 
and  of  test  methods  and  configurations 
can  generally  be  accomplished  by  simu¬ 
lation  with  considerable  savings  in 
engineering  effort. 

DESIGN  VERIFICATION  -  Simplified  and 
more  thorough  verification  of  a  design 
configuration  can  be  accomplished  with 
speed,  accuracy,  and  flexibility  by  the 
simulation  system. 

COMPUTATION  METHODS  AND  SIMULATION 
LIMITATIONS 

EMTP  methods  form  the  computational 
basis  for  the  NP3S  and  establish  its  current 
limitations.  The  EMTP  also  provides  ele¬ 
mental  modules  on  which  all  oi.rcuit 
description  must  be  based.  These  elemen¬ 
tal  modules  represent  a  limitation  on 
the  simulator's  capabilities.  The  major 
elements  are  given  in  Appendix  A. 

The  fundamental  approach  of  the  NVSS 
is  that  of  network  analysis  performed  in  a 
series  of  discrete  time  steps.  The  graphi¬ 
cal  input  data,  baaed  on  the  elemental 
modules,  are  resolved  into  an  ordered  set 
of  ordinary  differential  and  algebraic 
equations.  At  each  time  step  a  system 
of  simultaneous  equations,  derived  by 
second  order  trapezoidal-rule  integra¬ 
tion  from  the  differential  and  algebraic 
system,  is  solved.  The  solution  is 
accomplished  by  first  placing  the  simul¬ 
taneous  equations  in  the  nodal-admittance 
form  and  applying  ordered  triangular 
factorization.  Such  an  approach  applied 
to  sparse  matrices,  as  normally  encountered 
in  circuit  analysis,  provides  major 
benefits  in  conserving  computer  memory 
space  and  reducing  run  time.  This  general 
explanation  of  the  computations  is 
expanded  and  detailed  in  references  (2) 
through  (5). 

Of  course,  these  mathematical  considers' 
tions  are  not  needed  by  the  systems  engineer 
(modeler)  except  as  they  may  affect  memory 
space  limitations  in  the  computer.  The 
modeler's  limit  is  the  amount  of  fine 
detail  he  can  implement  in  his  particular 
model  and  the  basic  limitations  of  network 
theory.  As  parasitic  characteristics 
such  as  skin  effect,  stray  capactance,  and 
lead  inductance  become  noticeable  in  the 
hardware  configuration,  they  must  also 
be  correctly  modeled  in  the  simulation  to 
maintain  accuracy.  This  is  easily  accom¬ 
plished  ut  the  lower  frequencies.  However, 
as  the  complexity  increases,  a  point  will 
be  reached  where  the  circuit  analysis 
approach  becomes  too  cumbersome  or  too 
inaccurate  to  compensate  for  the  benefits 
provided  by  NPSS  computer  simulation. 

When  that  judgment  is  made,  other  techniques 
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FIG.  1  STEADY  STATE  HARMONICS  ANALYTIC  VALIDATION  EXAMPLE. 


must  be  sought.  Thus,  the  fundamental 
limitation  is  in  the  network  theory  of 
modeling  rather  than  the  computational 
characteristics  or  methods . 

In  practice,  rounding  off  and  other 
numeric  manipulation  result  in  third  to 
fourth  place  accuracy  in  a  moderately 
complex  simulation  such  as  Figure  1.  There 
are  also  various  idiosyncrasies  of  the 
EMTP  program  which  must  be  observed, 
such  as  connection  techniques  for  ground¬ 
ing  and  switching  elements,  etc.  However, 
simple  work  around  procedures  are  available 
and  are,  at  worst,  a  minor  nuisance  (6). 

In  general,  the  simulation  accuracy  is 
an  order  of  magnitude  better  than  the  usual 
accuracy  of  the  input  data  that  the  models 
are  based  on.  Simulation  accuracies  of 
around  0.1  to  1.0  percent  are  normal. 

NPSS  PROGRAM  OVERVIEW 

GRAPHICS  -  Once  the  system  data  have 
been  assembled  and  the  model  configuration 
sketched,  modeling  simulation  is  primarily 
a  graphics  effort  for  the  system  engineer. 
The  routine  consists  of  withdrawing  a  basic 
element  (R,  C,  L,  etc.)  from  a  library, 
positioning  it  on  the  model  and  assigning 
values  and  connections  to  assemble  it 
into  the  system.  All  operations  are  menu- 
driven  and  can  be  accomplished  in  a  rapid, 


routine  fashion.  Output  of  data  is  even 
simpler;  once  the  data  is  requested  the 
axis  and  data  are  plotted  and  automatically 
scaled  for  full  screen  with  soom  and 
pseudo-panning  capabilities  and  again 
menu-driven  for  ease  of  operation.  A  top 
level  system  functional  is  shown  in 
Figure  2. 

MODELING  FEATURES  -  Two  features  have 
been  incorporated  which  considerably 
simplify  the  modeling  process,  the  first 
or  which  is  the  multi-level  module  concept. 
At  any  point  in  the  system  definition, 
a  model  or  subsystem,  no  matter  how 
complex,  may  be  given  a  label  and  treated 
as  a  black  box  or  element  during  further 
system  developmsnt.  By  this  method, 
a  complex  subsystem  may  be  ue«d  in  a 
number  of  different  places  in  the  over¬ 
all  syatem  design  by  simply  inputting 
its  assigned  label.  In  addition,  the 
program  track*  all  positions  of  the 
labeled,  black  box  -  if  the  modeler  goes 
back  into  the  subsystem  (black  box)  detail 
and  makes  a  change,  it  will  be  implemented 
in  every  part  of  the  eyetem  where  thet 
black  box  or  label  has  been  installed. 

This  greatly  simplifies  changes  or 
updates  to  s  large  model. 

A  second  modeling  feature  facilitates 
variations  studies  by  making  variables 
within  subsystems  available  at  the  system 
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level.  As  each  element,  is  connected  into 
the  circuit,  it  is  given  a  numerical 
value  or  a  parameter  name.  If  a  parameter 
name  is  used  and  the  circuit  designated  by 
some  label  (as  if  a  black  box)  for  connec¬ 
tion  in  a  higher  level  subsystem,  the  now 
buried  element  may  be  varied  simply  by 
assigning  values  to  the  parameter  name. 
Thus,  the  value  of  an  element  at  the  lowest 
level  of  circuitry  can  be  brought  up 
through  each  subsystem  level,  i.e.,  made 
visible  as  a  variable,  and  controlled  at 
the  top  system  level  for  variation/sensi- 
tivity  studies. 

LIBRARY  -  The  NPSS  library  is  the 
filing  system  for  the  storage  of  elemental 
components  as  well  as  complete  simulation 
models .  A  branching  or  root  system  is 
used  to  access  the  various  stored  data. 

The  transfer  of  an  exact  facsimile  for 
assembly  in  a  system  being  simulated 
thus  becomes  a  straightforward  operation. 
The  elemental  model  actually  remains  in 
the  library  and  can  be  accessed  as  often  as 
necessary  to  generate  any  number  of 
facsimiles  by  this  copying  process. 

This  elemental  model  may  be  as  simple  as  a 
resistor  or  as  complex  as  an  amplifier, 
control  system  or  an  entire  installation. 

The  library  is  divided  into  two  parts, 
a  collection  of  elements  from  the  EMTP 
are  considered  basic  or  atomic.  Units 


in  this  section  may  be  freely  copied  but 
cannot  be  either  deleted  or  added  to  by 
normal  operations. 

The  second  section  is  called  the  users 
library.  The  user  stores  additional 
elements  in  the  user  library,  as  required, 
to  complete  an  itnnediate  modeling  task. 

He  may  also  store  particularly  useful  or 
generally  applicable  modules  on  a  permanent 
basis  in  this  section  at  his  option.  The 
user  library  is  completely  under  the 
control  of  the  modeler.  He  may  add,  delete, 
or  modify  any  element  or  system  at  will. 

His  only  restriction  is  that  the  basic 
elements  used  in  all  user  library  models 
may  consist  only  of  elements  copied  from 
the  EMTP  library.  For  example,  electro¬ 
magnetic  radiation  is  not  part  of  the 
network  analysis  schema.  Therefore,  the 
simple  dipole  will  not  be  found  in  the 
EMTP  library  and  cannot  be  entered  in  the 
user  library. 

GRAPHICS  ASSEMBLY  -  The  mechanics  of 
assembling  the  simulation  model  is 
straightforward.  Each  component  is  copied 
from  the  library  to  the  "Module  Buffer"  - 
values  or  parameter  labels  and  connections 
are  designated  and  the  results  reentered 
in  the  library.  A  simple  list  of  commands  - 
define,  copy,  edit,  empty,  display  -  is  all 
that  is  needed  to  accomplish  the  graphics 
assembly  tasks. 


TRANSLATOR  -  The  translator  performs 
the  tedious  and  demanding  task  originally 
imposed  on  the  modeler  by  standard  EMTP 
input  procedures.  Data  equivalents  or 
image  cards  for  FORTRAN  input  cards  are 
automatically  generated  for  each  discrete 
portion  of  the  model.  These  are  then 
sequenced  in  decks  (concatenation)  and 
held  ready  to  operate  the  EMTP. 

EMTP  OPERATION  -  The  EMTP  operation 
is  fully  automatic  with  all  output  data 
stored  and  ready  for  display  as  required  by 
the  Output  Processor,  For  those  interested 
in  special  function  or  application  of  the 
EMTP  alone,  it  may  be  accessed  directly 
by  the  operator.  This  is  accomplished 
by  manually  keying  the  data  needed  to 
generate  the  "image"  FORTRAN  input  rather 
than  relying  on  the  automatic  analysis 
of  the  graphic  model  performed  by  the 
NPSS . 

OUTPUT  -  Simulation  results  are  output 
in  graphic  format  with  automatic  scaling 
for  full-screen  display.  See  Figure  3. 

In  addition,  the  numeric  value  of  any 
crosshair  selected  point  can  be  displayed 
above  the  graph.  Several  steps  of  10:1 
zoom  capability  aia  also  provided  in  either 
or  both  horizontal  and  vertical  and  enhance 
accuracy  for  crosshair  readouts.  See 
Figure  4.), In  addition,  a  pseudo-panning 
capability  allows  stepping  through  the 
enlarged  output  to  observe  various  points. 
The  zoom  and  pan  capabilities  are  also 
available  in  the  model  generation  mode. 


A  printer  output  of  the  data  in 
tabular  form  is  also  available  as  well  as 
hard  copy  of  the  screen  displays.  The 
printer  output  iB  of  greater  accuracy  and 
in  more  detail  than  the  graphics  display. 

TRANSIENT  SIMULATION  -  A  power  inter¬ 
face  transient  simulation  is  detailed  in 
Appendix  B.  A  direct  strike  of  20  KA  in 
taken  as  the  input  stimulus.  The  response 
at  the  interface  with  an  ATE  system  was 
then  recorded. 

This  effort  illustrates  the  stress 
levels  occurring  with  an  average  size 
strike.  Further  analysis  and  more 
evaluation  runs  are  necessary  for  full 
definition  of  the  problem  and  to 
establish  protection  recommendations. 

CONCLUSIONS 

The  use  of  Naval  Power  Systems 
Simulator  Model  has  provided  the  speed 
and  flexibility  needed  to  thoroughly 
investigate  power  system  conducted 
electromagnetic  transient  problems. 

This  system  model  approach  is  a  powerful  aid 
in  improving  design  and  reducing  a  major 
cause  of  system  failure,  the  power line 
conducted  transient.  Because  nf  the  general 
transient  analytic  formulation  and  ease  of 
use  for  system  engineers,  we  believe  it  can 
be  applied  to  a  wide  range  of  analytical 
applications  beyond  the  power  interface 
analysis. 
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APPENDIX  A 

The  Transients  Program  j.s  used  to  sol\„- 
the  ordinary  differential  nnd/or  algebraic 
equations  associal  id  with  an  "arbitrary" 
inte-connectiot;  of  the  following  elements: 

1.  imped  resistance:  R 

2.  humped  inductance:  L 

3.  Lumped  capccitance:  C 

4.  Multiphase  Pi-equivalents, 
where  the  preceding  scalar  R,  L,  0  become 
symmetric  square  matrices  |R  ,  L  ,  C  . 

5.  Multiphase  distributed-parameter 
transmission  lines,  wherein  propagation  time 
of  the  line  is  represented.  Distortica.iess 
and  externally-lumped-resistance  approximations 
are  available,  as  well  as  "exact"  frequency- 
dependent  representations. 


6.  Nonlinear  resistors,  where  the 
curve  muat  be  single-valued. 

7_  Nonlinear  inductors,  either  with 
the  conventional  single-valued  characteris¬ 
tic  or  including  hysteresis. 

8.  lime- varying  resistance. 

9.  Switches,  used  to  simulate 
circuit  breakers,  lightning-arrestor 
ilashovcr,  or  any  other  network  connection 
change.  Diodes  and  dc  converter  valves  are 
included . 


10.  Voltage  or  current  sources.  In 
addition  to  standard  mathematical  functions 
(sinusoids,  surge  functions,  steps,  and 
ramps),  the  user  may  specify  sources 
point-by-point  as  functions  of  time,  or 

in  FORTRAN,  or  as  defined  by  TAGS  (Transient 
Analysis  of  Control  Systems). 

11.  Dynamic  synchronous  machines  (3- 
phase  balanced  design  only) .  The  electrical 
side  is  represented  by  Park's  (Blondel's) 
equations,  while  the  mechanics!  side  is 
modeled  as  r n  iuterconnection  of  masses, 
sprites,  and  damping.  Arbitrary  exciter  and 
governor  dynamics  can  be  represented,  by 
connection  to  TACS. 
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12,  Control  system  dynamics,  as  are 
normally  represented  on  differential 
analyzers  (analog  computers).  This 
modeling  capability  goes  by  the  name  of 
TACS,  Nonlinear  and  logical  operations  may 
be  represented.  Input  and  output  may  be 
interfaced  with  the  electric  network  of 
the  EMTP,  providing  a  hybriu  representation. 
All  TACS  representation  is  user-patchable , 
and  hence  configuration  free. 

APPENDIX  B 

A  TRANSIENT  SIMULATION 

The  first  step  in  the  analysis 
consists  of  modeling  the  system  configura¬ 
tion.  Figure  B-l  presents  the  top  level 
of  the  distribution-user  equipment  system. 
The  Central  Power  Source  (CPS)  represents 
a  complex  submodel  containing  a  4160-volt, 
400-Hz  generator  and  additional  sources  of 
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FIG.  B-l 


fifth  and  seventh  harmonics.  The  GATE  BOX 
is  a  4160:120  transformer.  A  high  current 
impulse  source  of  20  KA  with  2  microseconds 
use  time  and  100  microseconds  decay  was 
applied  to  the  transformer  high  side  as 
presented  in  Figure  B-2. 

The  input  to  the  distribution  cables 
is  measured  at  VI,  shown  in  Figure  B-3, 
prior  to  the  strike.  Figure  B-4  shows 
the  voltage  response  at  this  point  during 
and  after  the  strike. 

As  shown  in  Figure  B-l,  there  is  a 
cable  after  the  measuring  point  VI,  followed 
by  a  harmonic  filter  (FC3)  which  is  simply 
a  large  400  Hz  resonant  tank  circuit,  and  a 
second  short  cable  to  the  equipment 
transformer  and  the  equipment  represented 
by  NL  LOAD  (non-linear  load).  The  magnitude 
of  the  conducted  strike  voltage  was  measured 
by  V2,  shown  in  Figure  B-5  before  the 
strike,  and  shown  in  Figure  B-6  during  the 
strike. 
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ABSTRACT 


■V  (  y  t  i 

This  paper  examines  the  "Rolling  Ball  Theory”  of  lightning 
protection  zones.  It  provides  support  for  thi.3  theory  in  terms  of 
the  critical  gradient  time  history  for  lightning  rods  as  described 
mathematically  in  terms  of  a  prolate  spheroid.  The  analysis  shows 
how  the  critical  threshold  gradient  for  a  sharp  object  lying  below 
a  lightning  rod  can  emit  a  ground  streamer  which  will  move  above 
the  lightning  rod  before  the  critical  gradient  is  reached  on  the 
taller  rod.  This  occurs  only  if  the  radius  of  the  lightning  rod 
tip  is  substantially  larger  than  the  radius  of  objects  lying 
within  its  zone  of  protection  and  this  results  in  defeat  of  the 
rod.  Also  considered  is  the  use  of  the  catenary  cable  protection 
system  over  launch  complexes  and  the  need  for  it. 
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ONE  PROBLEM  WHICH  OCCURS  in  the 
development  of  lightning  protection 
for  rocket  launch  complexes  is  the 
question  of  the  area  of  validity  for 
protection  zones  provided  by 

lightning  rods.  Earlier  theories 

considered  historical  data  from  power 
transmission  lines  in  determining  the 
protected  areas  from  overhead  ground 
wires  or  single  rods.  More  recent 
theories  have  considered  the 

importance  of  striking  distance,  the 
distance  at  which  the  step  leader 
connects  to  ground  streamers.  This 
led  to  a  rolling  ball  theory  of 
lightning  rod  protection  in  which  a 
hypothetical  ball  with  a  radius  equal 
to  the  striking  distance  is 
theoretically  rolled  about  a  site  to 
determine  the  protection  zones.  The 
points  which  it  contacts  are 
considered  to  be  possible  strike 
points.  Support  is  given  this  theory 
by  the  examination  of  lightning  rod 
tip  gradients  using  prolate  spheroids 
to  mathematically  represent  the 
lightning  rod  geometry.  The 

investigation  considers  the  action  of 
streamers  which  initiate  from  low 
radius  points  within  the  protection 
zone  a3  they  climb  above  the 
lightning  rod  before  the  lightning 
rod  streamer  threshold  is  reached. 

The  calculations  support  the  rolling 
ball  theory  in  defining  a  greatly 
reduced  protection  zone  as  compared 
with  the  classical  conic  45  and  60 
degree  zones  of  protection. 


LIGHTNING  CHANNEL  MECHANISMS  AND 
LIGHTNING  PROTECTION  ZONES. 

The  mechanism  for  a  lightning 
strike  to  ground  is  illustrated  in 
Figure  1.  As  the  lightning  (or  step 
leader)  approaches  the  ground,  it 
induces  bound  charge  in  nearby  ground 
objects  until  the  critical  charge 
density  and  related  local,  electric 
field  are  exceeded  ah  the  Lip  of  any 
sharp  high  points  in  the  area.  Then 


streamers  issue  from  all  local  high 
points  towards  the  step  leader  tip. 
The  streamers  can  issue  from  points 
at  the  side  of  the  step  leader  tip  as 
well  as  from  below  it  as  illustrated 
in  Figure  2. 

The  fact  that  the  ground 
streamer  can  be  induced  off  objects 
to  the  side  of  the  step  leader  as 
well  as  below  it  lead  to  the  rolling 
ball  theory  of  lightning  protection 
zones,  (1)*,  (2).  This  new  theory 
represents  a  refinement  of  the 
classic  45  and  60  degree  zones  of 
protection  concepts  which  have  been 
used  for  many  decades  in  the 
protection  of  power  transmission 
lines . 

The  ground  streamer  initiates 
when  the  step  leader  reaches  100  to 
300  feet  above  the  ground  depending 
upon  the  intensity  of  the  stroke  (or 
charge  density  in  the  channel)  and  by 
the  geometry  of  the  local  terrain 
below  the  step  leader.  when  the 
induced  ground  streamers  come  to 
within  about  10  meters  of  closui'e 
with  the  tip  of  the  step  leader, 
multiple  streamers  close  the 

remaining  distance.  The  multiple 
channels  indicate  the  existence  of 
very  high  local  rates  of  current 
rise?  otherwise,  the  first  streamer 
to  contact  the  tip  of  the  step  leader 
would  cancel  the  potential  difference 
and  3 top  the  other  branch  streamers 
from  joining.  This  multiple  channel 
closure  is  seen  in  both  natural 
lightning  ground  strikes  and  in 
laboratory  simulations  of  the  process 
as  illustrated  in  Figure  3a  and  3b. 
This  multiple  branch  closure  process 
has  also  been  noted  in  lightning 
triggering  from  the  Lightning  & 
Transients  Research  ship  in  which 
four  or  five  channels  struck  the  ship 
from  one  return  stroke 

simultaneously.  This  is  suggested 


♦Numbers  in  parentheses  designate 
References  at  end  of  paper. 
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incidentally  as  a  partial  explanation 
for  the  steep  front  of  the  radiated 
waveform  of  natural  lightning.  It 
is  suggested  that  this  is  a  local 
effect  which  does  not  reflect  the 
return  stroke  current  except  at  this 
point  of  closure. 

At  the  point  of  closure,  the 
charge  stored  along  the  channel  can 
now  flow  to  ground  through  the  ground 
streamer  and  this  flow  to  ground  is 
described  as  the  "high  current  return 
stroke."  The  high  current  return 
stroke  proceeds  up  the  channel  to  the 
cloud  charge  centers  as  the  charge 
along  the  channel  progressively  dumps 
into  the  channel  to  flow  to  ground. 

The  charge  in  the  channel  is 
responsible  for  the  high  currents  and 
high  current  rates  of  rise,  but  the 
total  charge  stored  is  relatively  low 
-  of  the  order  of  a  few  coulombs. 
When  the  high  current  return  stroke 
reaches  the  cloud  charge  centers,  the 
larger  charge  areas  stored  in  the 
cloud  are  tapped  and  proceed  through 
the  channel  to  ground,  but  they  have 
generally  lower  current  levels  and 
lower  rates  of  rise  than  does  the 
high  current  return  stroke. 

EXAMINATION  OF  TIP  GRADIENT  EFFECTS 
OF  LIGHTNING  RODS. 

As  shown  in  Figure  4,  the 
streamers  will  initiate  off  a 
lightning  rod  when  the  threshhold 
gradient  is  exceeded  and  the 
threshhold  gradient  is  determined  by 
the  incident  electric  field  resulting 
from  an  approaching  step  leader  as 
well  as  by  the  height  and  radius  of 
the  tip  of  the  object.  This  can  be 
conveniently  examined  mathematically 
by  use  of  a  prolate  spheroidal 
geometry  to  represent  the  lightning 
rods  which  permits  a  close 
approximation  of  the  tip  gradients. 

As  illustrated  in  Figure  4,  if 
an  object  lies  below  a  more  rounded 
lightning  rod  tip,  the  gradient  can 
exceed  critical  (the  point  at  which 
ionization  initiates),  and  a  streamer 
will  be  induced  off  the  lower  object 
It  the  ratios  of  the  two  are 
sufficiently  different,  a  streamer 
initiated  off  the  lower  *>oint  may 
climb  above  the  height  of  the 
protection  lightning  rod  before  its 
critical  threshhold  gradient  is 
reached  tod  the  streamer  can  continue 
above  the  higher  rod.  Thu  streamer, 
in  effect,  now  acts  as  a  lightning 
rod.  In  this  way,  objects  lying 
below  a  60  or  45  degree  cone  of 
protection  may  be  struck. 


The  streamer  was  assumed'  to  have 
been  induced  on  the  lower  object 
because  of  a  sharper  radius  and  it 
propagated  up  past  the  lightning  rod 
before  a  streamer  was  initiated  on 
it . 

The  gradient  amplification 
factor  as  a  function  of  the  ratio  of 
tip  radius  to  rod  height  is  plotted 
using  the  expression  for  a  prolate 
spheroid  as  shown  in  Figure  5. 

With  a  few  approximations,  the 
general  relationship  between  the  tip 
radius  and  the  lightning  rod  height 
at  the  streamer  initiation  threshold 
may  be  illustrated.  Assuming  a 
velocity  of  both  the  step  leader  and 
the  ground  streamer  of  about  one 
meter  per  microsecond,  the  general 
relationship  may  be  seen  as  follows. 

As  the  step  leader  approaches 
the  ground,  the  ambient  electric 
field  at  the  ground  increases  nearly 
linearly  with  the  step  leader 
movement  as  the  ground  electric  field 
is  determined  primarily  by  the 
spacing.  Thus,  for  a  10  meter 
movement  of  the  step  leader,  150 
meters  above  the  ground  as 

illustrated  in  Figure  4,  the  ground 
ambient  electric  field  increases 
10m/150m  or  about  six  percent. 
Assuming  a  one  meter  per  microsecond 
step  velocity  and  double  the  gradient 
amplification  factor  on  the  lower 
rod,  the  electric  field  on  the  lower 
rod  in  the  figure  would  just  rise 
above  the  critical  electric  field 
threshold  to  initiate  a  streamer.  Ln 
ten  microseconds,  the  streamer  would 
rise  above  the  higher  rod  and  now 
would  be  the  highest  point.  The 
gradient  on  the  higher  rod,  however, 
would  have  increased  only  six  percent 
and  wuld  still  be  only  about  half 
critical.  Thus  the  tip  radius  is 
critical  in  determining  protection 
zones  and  height  cannot  be  considered 
alone.  The  rolling  ball  theory  of 
protection  is  consistent  with  strikes 
to  objects  below  a  45  degree  cone  of 
protection  and  is  a  more  realistic  as 
well  as  a  roore  conservative  approach. 


CATENARY  WIRE 
PROTECTION 


TYPE!  LIGHTNING 


The  above  arguments  support  the 
use  of  catenary  wire  protection 
systems  such  as  used  on  space  shuttle 
and  in  effect  on  power  transmission 
lines  (the  overhead  ground  wire). 
This  approach  is  illustrated  in 
Figure  6  for  a  rookot  launch  area. 
With  a  wire  overhead,  much  surer 
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protection  is  provided  then  with  a 
rod  because  of  the  relatively  small 
area  covered  by  the  rod. 

When  a  wire  is  supported  by  an 
insulated  post  such  as  used  for  Space 
Shuttle,  much  better  protection  is 
generally  provided,  as  the  lightning 
transients  are  only  magnetically 
coupled  from  the  lightning  current 
flow  in  the  catenary  wire  rather  than 
conductively  coupled  by  direct 
current  flow  through  the  launch  tower 
structure. 

PROTECTION  RATIONALE 

In  discussions  of  lightning  rods 
the  reason  for  lightning  protection 
needs  to  be  considered  in  the  design 
of  protection  installations.  A 
protection  zone  which  is  entirely 
adequate  for  a  power  line,  for  which 
a  lightning  strike  means  only  a 
temporary  loss  of  power,  may  not  be 
satisfactory  for  a  rocket  because  of 
the  possible  hazard  involved. 

Thus,  the  purpose  of  the 
protection  needs  to  be  considered 
very  carefully  in  the  margins  which 
are  used  in  the  protection. 

For  power  line  use,  the  rolling 
ball  approach  also  permits 
quantification  of  the  margins 
provided  in  terms  of  the  basic 
insulation  level  (BOi)  of  the  line. 
(1)  This  quantification  could  of 
course  be  done  with  a  rocket  at  the 
expenss  of  snore  complex  calculations. 

GFCUND  POTENTIALS 

Also  important  is  the  problem  of 
protection  of  ground  personnel. 
Thus,  •ground  systems  have  two  very 
different  purposes*  (a)  to  Minimize 
the  voltages  and  entrants  coupled 
into  critical  circuitry,  and  (b)  to 
protect  ground  personnel  from  the 
hazard  of  earth  current  potentials. 
The  importance  of  a  low  resistance 
and  low  impedance  ground  grid  for 
both  purposes  can  hardly  be 
overeraphesi zed. 

The  ground  grid  network  does  not 
aifoct  the  formation  of  ground 
streamers  as  the  bound  charge  and 
induced  streamers  a.re  cf  low  enough 
level  that  they  arc  easily  led  even 
without  ground  grid#.  The  earth 
resistance  ij  usually  sufficient. 
However,  once  the  large  lightning 
strike  current  begins  to  flow,  only 
metallic  ground  grids  are  sufficient 
to  prevent  ground  potentials 
hazardous  to  personnel. 

It  may  be  pote/l  that  in  Figure 


G,  the  catenary  wire  is  grounded 
outside  che  fence.  Thus  the 
lightning  ground  currents  flow 
essentially  outside  the  fence.  The 
interior  with  its  ground  grid  has  low 
differential  ground  potentials  and 
relatively  low  hazard  to  personnel. 
It  should  be  also  be  noted  that 
induced  streamers  can  still  be  a 
hazard  to  unprotected  personnel 
within  the  fence  perimeter  or 
anywhere  near  a  lightnlnq  strike. 

STATISTICS 

With  the  120  degree  and  90 
degree  zones  of  protection,  it  was 
possible  to  predict  the  number  of 
strikes  per  year  from  the  isokeraunic 
data  (published  data  on  the  number  of 
thunderstorm  days  per  year).  With 
the  rolling  ball  theory  of  Hqhtning 
protection  zones  of  protection,  a 
corresponding  statistical  theory  is 
also  needed  and  is  being  planned  for 
further  work. 

CONCLUSIONS 

The  following  conclusions  were 
drawn  from  the  investigations. 

o  Based  on  this  analysis,  the 
rolling  ball  protection  concept  is 
recommended  Cor  use  in  the  protection 
design  of  rocket  launch  sites. 

o  For  protection,  the  use  of 
catenary  wire  overhead  protection 
using  insulated  support  towers  is 
recommended  for  rocket  launch  sites 
as  a  method  of  obtaining  superior 
protection. 

o  The  importance  of  providing  a 
good  ground  grid  system  Eor  rocket 
launch  complexes  for  both  protection 
of  sensitive  electron ic3  and  the 
operation  personnel  on  the  site. 
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The  MLRS  Lightning  Protection  Program 

By 

John  Robb  and  G.  Kdlin 
Lightning  Transients  Research  Institute 


ABSTRACT 

The  MLRS  (Multiple  Launch  Rocket  System)  Is  a  U.S.  Any  system  capable  of 
delivering  twelve  warheads,  without  reloading,  to  multiple  targets  up  to  twenty 
miles  in  distance  In  less  chan  one  minute.  Up  to  twelve  offsets  per  target  may 
be  selected  without  additional  Rite  Control  System  computation.  Figure  1  rhows 
the  complete  vehicle  which  consists  cf  three  major  sub-assemblies,  i.e.,  the 
tracked  vehicle  built  by  FMC,  the  Self-Propelled  Launcher  Loader  (SPLL),  and  two 
Launch-Pod  Containers  (LP/C),  each  of  which  holds  six  rocketB  with  options  for 
various  types  -of  warheads. 

The  MLRS  has  international  significance  in  that  it  will  be  deployed  by  Armed 
Forces  of  the  UK,  and  West  Germany. 

The  MLRS  is  required  to  remain  safe,  from  an  BED  hazards  consideration,  for 
specified  median  and  maximum  peak  current  and  maximum  total  charge  environments. 

The  rocker,  motor  Ignitor  EE D  and  its  aafe/arc  and  firing  circuit  are  the  components 
applicable  to  this  requirement. 

Specific  design  techniques  used  to  achieve  the  required  hardness  are  discussed. 

Evaluation  tests  were  conducted  at  the  Lightning  Transient  Research  Insti¬ 
tute's  Miami,  Florida  facility  to  demonstrate  compliance  to  specification  require¬ 
ments.  Median  peak  current,  maximum  peak,  current,  maximum  total  charge,  and 
near-strike  teat  results  are  discussed  including  corrective  measures  required  to 
satisfactorily  complete  one  area  of  the  test  environment.  The  four  options  of 
corrective  measures  considered  are  discussed  and  rationale  is  given  for  the  one 
chosen. 


This  paper  was  not  available  for  incorporation  into  thl?  book, 
be  published  at  a  future  date. 
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A  Contribution  to  the  Analysis  of  Triggered  Lightning: 
First  Results  Obtained  During  the  Trip  82  Experiment* 

By 

P.  Laroche 

Office  National  d'Etudes  et  de  Recherchea  Aerospatiales 
B.P.  72  -  92322  Chatillon  -  France 
Phone:  (1)  657.11.60 


ABSTRACT 

During  the  summer  of  1982,  the  Thunderstorm  Research  International  Program, 
organised  at  Langmuir  Laboratory,  Socorro,  New  Mexico,  was  tainy  devoted  to 
triggered  lightning  analysis.  Several  teams  performed  related  experiments  (NMIMT, 
University  of  Arlsona,  WPAFB  of  USAF,  CEA  and  ONERA). 

This  paper  describes  the  principles  of  measurements  and  comments  the  prelim¬ 
inary  results  obtained  by  the  following  instruments: 

(a)  a  coaxial  resistive  Bhunt,  installed  under  the  attachment  point  of  the 
lightning  channel; 

(b)  a  UHF  interferometer  used  for  locating  the  sources  of  electromagnetic 
radiation  associated  with  the  various  phases  of  the  lightning  stroke,  Including 
the  pre-breakdown  discharges; 

(c)  a  set  of  frequency  analysers  with  1  a  resolutin. 

Fourteen  cloud-to-ground  triggered  flashes  have  been  obtained  in  1982.  A 
comparison  with  the  results  collectted  during  the  TRIP  1981  campaign  will  be 
presented. 


*  Research  supported  in  part  by  DRKT  (Direction  des  Reciiercher  ■ ,  Etudes  et 
Techniques  de  la  Delegation  General#  pour  1 'Armament). 


This  paper  was  not  available  for  Incorporation  into  this  book 
be  published  at  a  future  date. 
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RELATIONS  OF  THE  FLASHOVER  VOLTAGE  VERSUS 
THE  VELOCITY  OF  THE  MOVING  ELECTRODE 


Y.  Nagai,  T.  Koide,  and  K.  Kinoahita 
Sagami  Institute  of  Technology,  Fujisawa,  Japan 
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ABSTRACT  i 

^t  is  shown  experimentally  how  the  velocity  of  the  moving  electrode 
effects  on  the  flashover  voltages  between  the  stationary  plane  electrode 
and  the  moving  electrode.  In  case  of  stationary  electrode  system,  the 
space  charges  .jrodoced  from  the  tip  of  the  electrode  distribute  to  relax 
the  strength  of  the  electric  field  at  its  point,  and  prevent  the  flashover. 

While  the  electrode  set  in  motion,  it  ia  difficult  to  suppress  the  develop-  ; 

ment  of  tha  corona  or  streamer  and  it  becomes  easy  to  lead  to  flashover, 

because  the  tip  of  the  electrode  moves  always  prior  to  the  existing  region 

of  apace  charges.  This  explains  why  the  lightning  is  triggered  easily  by 

*  moving  aircraft  or  a  launching  rocket  carrying  a  wire  connected  to  the 

ground. 

■  ^  i 
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A  METHOD  OF  TRIGGERING  LIGHTNING  by  launching 
the  rocket  carrying  a  wire  which  is  connected  to 
the  earth  is  one  of  the  most  effective  method  to 
research  the  lightning  discharge  phenomena  (1)*, 
(2),  because  it  is  able  to  control  the  striking 
time  and  point  of  lightning,  which  are  hardly  to 
do  in  case  of  natural  lightning.  The  height  of 
the  rocket  which  triggers  lightning  depends  on 
the  electric  field  strength  at  the  launching 
site  (3) .  The  launched  rocket  with  high  speed 
produces  some  conditions  for  triggering  the 
lightning:  increase  of  the  electric  field  at  the 
front  of  the  rocket,  generation  nnd  development 
of  corona  or  streamer  from  that  point  and  so  on. 
One  of  the  most  important  reason  for  triggering 
lightning  is  that  the  coronas  generated  at  the 
front  of  the  rocket  are  not  steady  stable  state, 
because  of  the  movement  of  the  rocket,  with  high 
speed. 

Based  on  the  above  simple  conception,  it  is 
a  purpose  of  this  paper  to  investigate  experi¬ 
mentally  how  the  moving  electrode  effects  on  the 
flashover  voltages  between  the  stationary  and 
moving  electrodes.  The  experimental  results  of 
this  kind  may  be  useful  to  simulate  the  light¬ 
ning  strike  to  the  moving  aircraft.  In  our  ex¬ 
periment,  we  rotate  the  electrode  around  a  point 
to  obtain  an  appropriate  speed  (about  200  km/h 
which  corresponds  to  50  -  60  m/sec)  at  the  tip 
of  the  electrode,  instead  of  moving  the  elec¬ 
trode  along  a  straight  line.  Hence,  in  this  pa¬ 
per  "the  velocity  of  the  moving  electrode"  means 
the  velocity  at  the  tip  of  the  rotating  elec¬ 
trode. 

Experimental  results  using  a  high  poten- 
tialired  stationary-plane  and  a  grounded  moving- 
needle  or  -sphere  electrodes  system  show  that 
the  increase  of  the  velocity  of  the  moving  elec¬ 
trode  tends  to  decrease  the  flashover  voltages 
in  case  of  application  of  negative  DC  voltages 
to  the  stationary  plane  electrode,  while  the 
flashover  voltage  increases  gradually  in  case  of 
application  of  positive  DC  or  AC  voltages  to  the 
stationary  plane  electrode,  because  of  polarity 
effect  of  the  flashover  charactericity. 

"Numbers  in  parentheses  designate  References  at 
end  of  paper. 

EXPERIMENTAL  APPARATUS 

The  schematic  diagram  of  the  experimental 
apparatus  is  shown  in  (Fig.  1) .  The  stationary 
plane  electrode  is  made  of  a  tin  plate  with 
a  thickness  of  0.4  mu  and  a  diameter  of  600  mm, 
the  edge  of  which  is  made  round,  not  to  generate 
the  corona  discharge  from  the  corner  of  the 
plate,  by  soldering  the  copper  pipe  with  a  diam¬ 
eter  of  6.0  gm  along  the  edge  of  the  plate  and 
by  finishing  the  edge  section  with  a  #240  sand¬ 
paper.  As  the  moving  electrode  we  use  a  brass 
rod  with  a  diameter  of  6.0  nm  which  is  fixed 
vertically  to  the  rotating  axis  of  the  pulley 
coupled  to  the  motor  through  a.  belt.  Two  kinds 
of  rod  are  uaed,  one  of  which  is  capped  by  tha 
brass  cone  with  a  vertical  angle  of  B  degrees 
and  the  other  la  mounted  with  the  brass  sphere 


of  a  diameter  of  10  mm.  Hereafter,  we  call  the 
former  as  the  needle  electrode  and  the  latter  as 
the, sphere  electrode.  The  length  L  from  the 
center  of  the  rotation  axis  to  the  tip  of  the 
moving  electrode  is  227.0  mm  in  case  of  the  nee¬ 
dle  electrode  and  223.0  mm  of  the  sphere  elec¬ 
trode. 

The  moving  electrode  is  installed  so  as 
that  the  rotation  axis  is  parallel  to  the  sur¬ 
face  of  the  stationary  plane  electrode,  that  is, 
the  surface  produced  by  the  rotation  of  the  elec¬ 
trode  is  perpendicular  to  that.  Attachment  of 
the  balance  weight  to  the  other  end  of  each  rod 
can  make  the  rotation  of  the  moving  electrode 
be  stable  and  uniform. 

Motive  force  of  the  moving  electrode  is 
transmitted  from  the  DC  survo-motor  through 
a  rubber  belt.  The  revolution  frequency  N  of 
the  moving  electrode  is  changeable  from  0  to 
about  40  cycles  per  second  by  changing  the  ap¬ 
plied  voltage  to  the  DC  motor.  Hence,  the  ve¬ 
locity  at  the  tip  of  the  moving  electrode  is 
changeable  from  0  to  55  m/sec,  which  corresponds 
to  about  200  km/h,  because  the  velocity  v  at  the 
tip  of  the  moving  electrode  is  obtained  by  v  = 

2  it  L  N. 

In  this  experiment,  the  gap  spacing  D  be¬ 
tween  the  electrodes  is  estimated  as  the  small¬ 
est  distance  between  the  electrodes  both  in  the 
stationary  (v  -  0)  and  moving  electrode  systems. 
The  high  voltage,  (A)  +DC,  (B)  -DC,  and  (C)  AC, 
is  applied  to  the  stationary  plane  electrode, 
and  the  moving  electrode  is  always  grounded 
through  the  rotation  axis  of  the  moving  elec¬ 
trode. 

The  experiments  are  carried  out  in  a  dark 
room  to  take  photographes  of  the  discharge  cir¬ 
cumstances:  corona  and  flashover  phenomenon,  by 
using  the  ASA  400  film. 

EXPERIMENTAL  RESULTS 

In  (Figs.  2  and  3)  are  shown  the  character¬ 
istics  of  the  flashover  voltage  versus  the  ve¬ 
locity  of  the  moving  electrode  in  case  of  using 
the  needle  and  Bphere  electrode,  respectively. 

In  each  figure,  (A)  is  at  the  conditions  of  ap¬ 
plying  +DC  voltage  to  the  stationary  plane  elec¬ 
trode,  (B)  -DC  voltage  and  (C)  AC  voltage,  re¬ 
spectively.  The  flashover  voltages  in  all  cases 
of  (A) ,  (B) ,  and  (C)  are  represented  with  the 
crest  values. 

In  case  of  the  needle  electrode,  (Fig. 

2- (A) )  shows  that  the  flashover  voltage  in  near¬ 
ly  constant  independent  of  the  velocity  of  the 
moving  electrode  except  the  gradual  increase 
within  a  small  velocity  regions  and  the  case  of 
D  «  30  nm  in  which  it  tends  to  decrease  gradual¬ 
ly  accompanying  with  a  small  variations  of  it. 

On  the  other  hand,  (Fig.  2-(B))  shows  that  it 
increases  gradually  with  the  increase  of  the  ve¬ 
locity  of  the  moving  electrode,  and  after  reach¬ 
ing  the  peak  voltage  it  tends  to  decrease  weak¬ 
ly  for  all  of  the  gap  spacing  used  in  this  ex¬ 
periment.  (Fig.  2- (C) )  shows  that  its  charac¬ 
tericity  is  resembled  to  that  of  (Fig.  2- (A))  in 
case  of  small  gap  spacing  (D  <,  20  mm)  as  it  is 


nearly  constant  independent  of  the  velocity  of 
the  moving  electrode,  and  to  that  of  (Fig. 

2-  (B) )  in  large  j*p  spacing  (D  £  30  mm)  as  it 
increases  gradually  and  after  reaching  the  peak 
value  it  decreases  weakly. 

In  case  of  the  sphere  electrode,  (Fig. 

3-  (A) )  shows  that  at  smaller  gap  spacing  (D  <, 

15  mm)  the  flashover  voltage  is  nearly  constant 
independent  of  the  velocity,  but  at  large  gap 
spacing  (D  =  20  mm)  it  increases  with  the  in¬ 
crease  of  the  velocity.  On  the  other  hand, 

(Fig.  3-(B))  shows  that  at  small  gap  spacing 

(D  «10  mm)  it  is  nearly  constant  independent  of 
the  velocity  of  the  moving  electrode.  However, 
in  case  of  large  gap  spacing  (D  >,  20  mm)  it  de¬ 
creases  abruptly  to  lower  values  them  that  of 
the  stationary  case  (v  *»  0)  with  increasing  the 
velocity  and  remains  nearly  constant  values 
after  that,  (Fig.  3-(C))  shows  that  at  small 
gap  spacing  (D  *  10  mm)  the  flashover  voltage  is 
nearly  constant,  but  it  increases  with  the  ve¬ 
locity  in  case  of  larger  gap  spacing  (D 
20  mm).  These  tendencies  in  (Fig.  3~(C))  resem¬ 
ble  to  that  in  (Fig.  3- (A) ) . 

The  above  results  show  that  in  the  case  of 
applying  the  negative  polarity  voltages  to  the 
stationary  plane  electrode  the  flashover  voltage 
decreases  or  tends  to  decrease  with  increasing 
the  velocity  of  the  moving  electrode,  inspite  of 
the  electrode  shape. 

DISCUSSIONS 

The  electric  field  at  the  tip  of  the  moving 
electrode  used  in  this  experiment  is  extremelt 
nonuniform  to  be  concentrated  to  the  tip  of  the 
electrode.  Increase  of  the  applied  voltage  to 
the  stationary  plane  electrode  produces  a  par¬ 
tial  breakdown  at  the  tip  of  the  moving  elec¬ 
trode  and  the  self-sustaining  discharge,  corona, 
is  manifested. 

In  our  experiment,  as  the  electrode  is  ro¬ 
tating  around  a  axis,  the  tip  of  the  moving 
electrode  approaches  to  the  opposite-side  plane 
electrode  or  departs  from  it,  alternatively. 

As  the  applied  voltage  across  the  gap  is  kept 
constant,  the  electric  fi.eld  at  the  tip  of  the 
moving  electrode  Increases  in  case  of  approach¬ 
ing  to  the  opposite-side  plane  electrode  and 
decreases  in  case  of  departing  from  it,  and  the 
corona  is  produced  depending  on  the  electrode 
motion.  If  the  charges  emerged  from  the  tip  of 
the  moving  electrode  do  not  diffuse  or  disappear 
quickly,  they  accumulate  along  the  trajectory  of 
the  tip  of  the  moving  electrode,  then,  interrupt 
the  succeeding  pour  of  the  charges  from  the  elec¬ 
trode.  If  the  space  charges  diffuse  or  dis¬ 
appear  quickly,  the  emerged  charges  from  the 
moving  electrode  transverse  the  gap  immediately, 
and  lead  to  flashover  between  the  gap  easily. 
This  nature  is  noticed  as  the  "polarity  effect" 
of  corona  or  flashover. 

In  (Fig.  4)  are  shown  the  photographes  rep¬ 
resenting  the  development  of  the  corona  dis¬ 
charge  and  flashover  circumstances  in  the  use  of 
the  needle  electrode,  where  the  applied  voltage 
between  the  eloctrodoa  is  about  80  %  value  of 
the  flashover  voltage.  In  these  figures,  the 


velocity  of  the  moving  electrode  is  constant  of 
21.9  m/sec  and  the  rotation  of  the  electrode  is 
clockwise  direction  as  shown  in  (Fig.  1).  The 
gap  spacing  D,  the  corona  voltage  Vc,  which 
means  the  voltages  at  taking  the  photograph  of 
corona  discharge,  and  the  flashover  voltage  Vj.- 
are  (A)  D  *  20  mm,  Vc  *  18.0  kV  and  Vf  -  21.0  kV 
at  the  conditions  of  applying  +DC  voltage  to  the 
stationary  plane  electrode,  (B)  D  =■  50  rran,  Vc  » 
32.0  kV  and  Vf  ■  39.8  kV  at  -DC,  and  (C)  D  - 
40  inn,  Vc  -  30.0  kV  and  Vf  -  37.6  kV  at  AC,  re¬ 
spectively. 

In  the  needle  against  plane  electrode  sys¬ 
tem,  the  polarity  of  the  needle  electrode  is  in- 
versed  to  that  of  the  potentialized  plane  elec¬ 
trode.  Hence,  when  the  plane  electrode  is  in 
positive  (or  negative) ,  the  polarity  of  the 
needle  electrode  becomes  negative  (or  positive) . 
In  case  of  (Fig.  4-(A)),  observation  of  the  lumi¬ 
nous  trajectory  of  the  moving  electrode  by  coro¬ 
na  discharge  shows  clearly  that  the  corona  emerg¬ 
ed  from  the  tip  of  the  moving  electrode  ceases 
to  develop  toward  the  opposite-side  plane  elec¬ 
trode.  This  characteristic  coincides  with  that 
of  the  negative  corona  in  stationary  electrode 
system.  On  the  other  hand,  in  case  of  (Fig. 

4- (3) ) ,  the  corona  is  easy  to  develop  toward  the 
opposite-side  plane  electrode  and  the  diffused 
type  corona,  glow-corona,  is  observed  over 
a  fairly  broad  region  within  the  gap  spacing.  In 
case  of  (Fig.  4-(C)),  it  is  shown  that  the  coro¬ 
na  circumstances  resemble  to  that  in  (Fig.  4- (A)). 

It  is  interesting  to  note  that  the  luminos¬ 
ity  of  the  corona  discharge  shows  brighter  at  the 
left  htand  side  from  the  vertical  line  through 
the  rotation  axis  of  the  moving  electrode  than 
that  at  the  right  hand  side.  As  the  rotation 
occurs  in  the  clockwise  direction,  charge  quan¬ 
tities  emerged  from  the  tip  of  the  moving  elec¬ 
trode  at  approaching  to  the  stationary  plane 
electrode  are  mare  than  that  at  departing  from 
it. 

In  (Fig.  5)  are  shown  the  characteristics 
of  the  corona  form  action  versus  the  velocity  of 
the  moving  electrode,  when  the  needle  electrode 
with  gap  spacing  of  50  mm  and  negative  DC  volt¬ 
age  of  32.0  kV  is  used,  except  (Fig.  5-(D)),  in 
which  negative  DC  voltage  of  38.8  kV  is  applied. 
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At  the  small  velocity  of  the  moving  electrode  as 
shown  in  (Fig.  5- (A)),  in  which  the  velocity  of 
the  moving  electrode  is  21.9  m/sec,  the  corona 
brightens  nearly  uniformly  along  the  moving  di¬ 
rection  of  the  electrode.  However,  by  increas¬ 
ing  the  velocity  of  the  moving  electrode  ( (A) v  * 
21.9  m/fiec  (B)  v  -  35.6  m/sec  (C)  v  «=  42.1 
m/sec) ,  the  uniformity  of  corona  brightness  is 
diminished  and  the  luminous  part  of  the  corona 
is  divided  into  two  parts  with  inserting  a  dark 
space,  as  shown  in  (Figs.  5-(B),(C)).  These 
manifestations  show  that  the  movement  of  the 
electrode  makes  the  space  charges  concentrate 
into  some  narrow  region. 

As  shown  in  (Fig.  5- (D) ) ,  the  flashover 
takes  place  at  the  right  hand  side  region  from 
the  vertical  line  through  the  rotation  center. 
Comparison  between  (Fig.  5-(c))  and  (Fig.  5-(D)) 
shows  that  this  region  corresponds  to  the  bound¬ 
ary  of  the  luminous  region  of  the  corona  dis¬ 
charges.  Hence,  it  coincides  with  the  bound¬ 
ary  of  the  space  charges  and  so  the  strong  elec¬ 
tric  field  region  generated  from  the  space 
charges . 

From  the  above  discussions  it  is  concluded 
that  the  motion  of  the  electrode  effects  on  the 
space  charges  emerged  from  the  electrode,  and  so 
the  flashover  voltages. 
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Fig.  1  -  Schematic  diagram  of  experimental  appa¬ 
ratus 
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(C)  AC  (D=40mm)  (B)  -DC  (D=50mm)  (A)  +DC  (D=20mm) 
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Fig.  4  -  Photographes  showing  the  corona  and 
flashover  discharge  in  application  of  +DC,  -DC, 
and  AC  voltage  to  the  stationary  plane  elec 
trode 
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ABSTRACT 


The  mechanism  of  a  lightning  discharge  as  introduced  by  Schonland(l) 
and  coworkers  1938  is  analagous  to  a  spark  discharge  between  two  metallic 
electrodes.  Charges  are  collected  by  the  leader  stroke  from  the  negatively 
charged  cloud  volume  (negative  electrode)  and  carried  either  to  ground 
(positive  electrode)  producing  a  ground  discharge  or  to  the  positively 
charged  cloud  volume  producing  a  cloud  discharge.  We  may  call  this  the 
unidirectional  or  charged  leader  theory.  A  different  mechanism  has  been 
suggested  by  the  author,  Kasemir  (2)  1950,  based  on  a  uncharged  leader 
(net  charge  zero)  that  works  only  with  Induced  charge  separation  in  the 
conductive  lightning  channel  Itself.  This  leader  growth  to  both  sides 
from  a  nucleus  in  the  high  field  regions  between  oppositely  charge  cloud 
volumes.  One  end  penetrating  into  the  positive  space  charge  carries  nega¬ 
tive  Induction  charges  and  the  other  end  penetrating  into  the  negative 
space  charge  region  carries  positive  induction  charge.  The  net  charge 
of  the  leader  is  zero.  We  will  call  this  bi-directional  or  uncharged 
leader  theory.  This  leader  does  not  collect  cloud  charges  but  uses  only 
the  electric  field  energy  provided  by  the  charged  cloud  for  its  mechanism. 
An  energy  calculation  shows  that  the  unidirectional  leader  requires  energy 
input  above  that  provided  by  the  cloud.  Therefore,  even  beside  the 
unexplained  charge  collecting  mechanism  the  commonly  used  unidirectional 
leader  is  not  a  workable  physical  process.  On  the  other  hand,  the  bi¬ 
directional  leader  does  not  require  charge  collection  and  obtains  enough 
energy  from  the  electric  field  of  the  thunderstorm  to  feed  the  energy 
consuming  processes  of  the  lightning  discharge,  such  as  ionizing  and 
heating  the  channel  production  of  electromagnetic  fields  and  radiation, 
etc.  Applied  to  the  problem  of  triggered  lightning  the  bi-directional 
leader  theory  furnishes  unexpected  but  far  reaching  results.  For 
instance,  it  is  shown  that  all  sw-called  static  discharges  encountered 
on  an  aircraft  are  triggered  lightning.  Since  triggered  lightning 
outnumbers  by  far  the  rather  rare  hit  by  natural  lightning  and  since 
warning  devices,  danger  zones,  etc.,  are  quite  different  for  the  two 
types  of  accidents,  a  more  intense  study  of  the  rather  neglected 
triggered  lightning  is  recommended. An  intriguing  controversy  between 
pilots  and  scientists  on  charge  and  energy  problems  of  static  discharges 
will  be  discussed  and  resolved  in  this  paper.  These  problems  always 
center  on  the  question:  ^’’where  does  the  lightning  discharge  obtain 
Its  chargee  to  produce  the  measured  currents  or  fields,?  if  It  is 
triggered  far  away  from  a  thundercloud These  problems  are  resolved 
by  the  uncharged  leader  theory,  which  explains  that  lightning  does  not 
have  to  collect  charges  from  the  environment  be  it  a  thunder  cloud  or 
a  volume  of  clear  air.  The  charges  are  generated  in  the  lightning 
channel  itself  by  ionization  and  then  separated  in  the  channel  by  the 
Induction  mechanism. 
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INTRODUCTION 

It  is  the  purpose  of  this  paper  to 
correct  a  mistake  made  in  the  theory  of 
the  lightning  discharge  which  may  be 
labelled  the  cloud  charge  collecting 
leader  usually  known  as  stepped  leader, 
cloud  to  cloud,  intra  cloud,  or  cloud 
to  air  discharge.  All  these  discharges 
are  essentially  of  the  same  type.  The 
correction  includes  the  following 
points.  The  channel  does  not  carry  any 
net  charge  collected  from  the  cloud. 
It  works  only  with  induced  charges 
generated  inside  the  channel,  separated 
L y  the  external  cloud  field  and  energy 
for  growth  and  other  energy  consuming 
phenomena  is  obtained  solely  from  the 
electric  field.  From  this  new  point  of 
view  we  can  obtain  the  answer  to  many 
enigmatic  problems.  All  static  dis¬ 
charges  are  lightning  triggered  by  the 
airplane.  Critical  objections  that  the 
aircraft  cannot  provide  charge  nor 
energy  to  produce  a  lightning  discharge 
become  irrelevant,  since  the  lightning 
discharge  obtains  the  energy  from  the 
field  and  manufactures  the  charges 
inside  its  channel  by  Ionization. 
Charge  separation  is  then  accomplished 
by  the  field.  However  the  net  charge 
of  the  channel  remains  zero.  Since  the 
static  discharges  outnumber  by  far  the 
rare  hit  of  an  airplane  by  natural 
lightning  a  new  look  at  the  lightning 
hazard  to  airplanes  appears  to  be 
necessary.  The  difference  between  the 
hit  by  a  natural  discharge  and  a  trig¬ 
gered  discharge  includes  occurrence, 
danger  zones  and  in  consequence  devel¬ 
opment  of  warning  devices,  direction  of 
research,  etcetera.  This  will  be  dif¬ 
ferent  for  the  two  types  of  accidents 
caused  by  a  triggered  lightning  or  by  a 
naturally  occurring  lightning 
discharge . 

THE  LEADER  STROKE 

There  are  two  basically  different 
physical  concepts  of  the  leader  stroke 
of  a  lightning  discharge,  one  intro¬ 
duced  by  Schonland  (1)  1938  and  the 
other  one  by  Kasemir  (2)  1950.  To 
follow  and  comprehend  the  discussion  in 
this  paper  it  is  essential  to  under¬ 
stand  thoroughly  the  differences 
between  these  two  concepts. 

THE  LEADER  BASED  ON  CLOUD  CHARGE 
COLLECTION  -  Schonland's  concept  of  the 
stepped  leader  of  cloud  to  ground  dis¬ 
charge  has  been  developed  and  diversi¬ 
fied  over  the  last  48  years.  It 
includes  in  essence  also  the  different 
types  of  cloud  dischargee,  for 
instance,  intra  cloud,  cloud  to  cloud, 
and  cloud-air  discharge.  Detailed  des¬ 
criptions  are  given  in  the  literature 


and  text  books.  Uman  (3)  1965,.  Golde 
(4)  1977,  Vol land  (5)  1982.  Figure  la 
shows  a  brief  sketch  of  a  stepped 
leader*  advancing  from  the  cloud  to 
ground.  The  leader  has  collected  nega¬ 
tive  charge  from  the  cloud  and  stored 
along  its  channel  with  a  charge  per 
unit  length  of  about  q=lC/km.  If 
contact  with  ground  la  made  the  nega¬ 
tive  charge  flows  into  the  ground  in 
the  return  stroke.  This  process  may  be 
repeated  several  times  by  a  dart 
leader-return  stroke  sequence  bringing 
more  negative  charge  to  ground,  each 
time  discharging  new  areas  of  the  nega¬ 
tively  charged  cloud  volume  by  the 
upward  or  sideways  growing  branched 
lightning  channel.  After  the  lightning 
is  terminated  a  portion  of  the  cloud 
charges  and  the  charges  on  the  light¬ 
ning  channel  have  flown  into  the 
ground.  Figure  lb. 

In  Figure  lc  the  same  discharging 
mechanism  is  shown  for  an  Intracloud 
discharge.  In  this  case  it  is  an 
upward  moving  streamer  which  collects 
negative  charge  from  the  lower  part  of 
the  cloud  and  moves  it  to  the  upper 
positive  part  of  the  cloud.  This 
direction  negative  to  positive  is 
favored  by  Smith  (6)  1957.  Ogawa  nnd 
Brook  (7)  deduce  from  field  records  at 
the  groundin  unidirectional  descending 
streamer  carrying  positive  charge  down¬ 
wards  Figure  Id.  However,  in  a  foot¬ 
note  they  mention  the  possibility  of  a 
bidirectional  streamer  moving  upwards 
and  downwards  as  shown  in  Figure  2c  and 
2d. 

THE  LEADER  BASED  ON  INDUCED 
CHARGES  -  The  leader  baaed  on  induced 
charges  has  been  introduced  by  the 
Kasemir  (2),  for  the  following  reasonai 
1.  The  thundercloud  has  to  be  consi¬ 
dered  aa  an  excellent  insulator.  The 
cloud  charges  are  Immobile  and  fixed  to 
there  place  in  the  time  period  of  a 
lightning  discharge  of  about  one 
second.  They  cannot  take  an  active 
part  in  the  dischargs.  2.  Even  if 
they  are  made  mobile  -  Uman  (3)  sug¬ 
gests  for  this  purpose  a  break  duwn 
field  extending  over  a  larger  region 
between  positive  and  negative  charged 
cloud  volumes  -  the  charges  would  fol¬ 
low  the  electric  field  lines,  i.e., 
they  would  spread  aa  far  apart  aa  pos¬ 
sible,  especially  if  we  are  dealing 
with  unipolar  charge.  There  i e  no 
physical  law  which  makes  even  mobile 
negative  (or  positive)  cloud  charges 
concentrate  In  a  lightning  channel. 
This  would  require  energy  that  cannot 
be  drawn  from  the  cloud.  The  energy 
calculation  of  this  problem  ia  discus¬ 
sed  in  the  next  section.  3.  The 


hypothetical  charge  collecting  mecha¬ 
nism  by  a  widespread  filament  system  of 
the  lightning  has  never  been  explained. 

In  the  new  theory  the  inoization 
process  inside  the  channel  generates  a 
large  number  of  positive  ions  and  elec¬ 
trons.  A  slight  shift  of  electrons 
along  the  channel  following  the 
external  field  will  create  a  surplus  of 
electrons  at  one  end  of  the  channel, 
forming  the  required  nejative  induced 
charge,  and  at  the  same  time  leaving  at 
the  other  end  of  the  channel  a  surplus 
of  positive  ions,  generating  in  this 
way  the  required  positve  induced 
charge.  The  net  charge  of  the  channel 
still  remains  zero.  The  cloud  charge 
collecting  mechanism  is  completely 
avoided . 

Figure  2a  shows  the  charge  distri¬ 
bution  on  the  uncharged  stepped  leader 
corresponding  to  Figure  la  of  the 
charged  leader.  Figure  2b  shows  the 
charge  distribution  on  the  lightning 
channel  after  the  return  stroke  -  or 
the  dart  leader-  return  stroke  sequence 
1 8  finished.  Note  here  the  marked 
difference  between  the  corresponding 
Figure  lb,  where  the  lightning  channel 
i 8  completely  discharged,  and  Figure 
2b,  where  the  lightning  channel  carries 
a  maximum  of  positive  charge.  When  the 
ground  discharge  has  brought  -30 
coulomb  to  ground  then  +30  coulomb  of 
charge  remains  on  the  lightning  chan¬ 
nel,  During  the  whole  discharge  the 
cloud  charges  haven't  moved  or  partici¬ 
pated  in  the  discharge  in  any  way.  We 
may  mention  that  Figure  2b  shows  also 
the  charge  distribution  of  a  rooket 
triggered  lightning  for  a  rocket  fired 
from  the  ground  but  grounded  by  a 
trailing  wire.  Figure  2c  and  2d 

show  the  charge  distribution  at  the 
beginning  and  at  the'  .end  of  a  cloud 
discharge.  Here  too  the  lightning  has 
the  maximum  charge  density  on  the  chan¬ 
nel  at  the  end  of  the  discharge.  The 
cloud  charges  remain  at  their  place. 
In  the  exact  meaning  of  the  word 
"discharge",  neither  cloud  nor  ground 
discharges  "discharge"  the  cloud.  What 
they  do  in  fact  is  to  transport  the 
opposite  charge  into  the  cloud  volume. 
During  the  life  time  of  the  lightning 
strike  this  charge  is  still  confined 
within  the  lightning  channel.  The 
aciual  neutralization  between  cloud  and 
lightning  charge  occurs  after  the 
lightning  la  over.  This  neutralization 
process  may  take  a  minute  or  more 
rather  than  a  second  or  less.  After 
the  lightning  loses  its  conductivity 
and  free  electrons  are  attached  to  air 
molecules  the  air  ions  will  disperse  in 
the  neighborhood  of  the  channel. 


neutralize  oppositely  charged  cloud 
elements  or  attach  themselves  to 
neutral  cloud  elements  or  precipitation 
particles.  We  will  end  up  with  a  cloud 
volume  containing  positive  and  negative 
charged  cloud  elements  or  precipitation 
particles.  This  will  cause  increased 
coagulation  and  result  in  the  rain  gush 
often  observed  after  a  lightning  dis¬ 
charge.  The  idea  that  the  lightning 
causes  the  rain  gush  has  been  promoted 
for  some  time  by  C.  Moore.  An  excel¬ 
lent  description  of  the  whole  process 
is  given  by  Moore  and  Vonnegut  (0).  It 
will  be  difficult  to  explain  this 
effect  for  a  ground  discharge  by  the 
charged  leader,  which  just  removes 
negative  cloud  charge  from  tho  lower 
part  of  the  thundercloud,  (see  Figure 
lb). 

ENERGY  PROBLEMS  OF  THE  LEADER  STROKE 

Energy  calculations  are  not  often 
applied  to  lightning  or  thunderstorm 
processes.  They  are,  however,  quite 
useful  to  check  if  a  suggested  mecha¬ 
nism  is  energy  conaumming  or  producing. 
Lightning  should  consume  thunderstorm 
energy  since  in  turn  the  lightning  has 
to  provide  energy  for  all  the  different 
processes  necessary  to  or  connected 
with  its  growth.  These  are  mainly 
ionizing  and  heating  the  channel, 
producing  electromagnetic  radiation, 
building  a  magnetic  field,  etcetera. 
In  general  we  may  consider  the  light¬ 
ning  discharge  as  an  energy  converter. 

ENERGY  BALANCE  OF  THE  CHARGED 
LEADER  -  To  calculate  the  enemy 
balance  of  the  charged  leader  we  nest  a 
mathematical  model  and  a  scheme  of  the 
calculation.  With  reference  to  Figure 
la  we  represent  the  negatively  charged 
volume  of  the  thundercloud  by  a  sphere 
of  radius  R  filled  with  negative  charge 
Q  of  oonstant  charge  density  p.  The 
leader  is  represented  by  a  spheroid 
filled  with  negative  charge  with 
constant  charge  per  unit  length  q.  The 
centerpoint  of  the  leader  is  positioned 
at  the  lowest  point  of  the  sphere 
surface  and  the  long  axis  is  radially 
directed.  We  calculate  now  the 
electric  energy  (J  of  the  system  before 
the  leader  has  formed  and  the  energy  V 
after  the  leader  has  formed  to  the 
length  L.  The  difference  W  of  U  and  V 

W  «  U  -  V  (1) 

will  tell  ua  if  the  formation  of  the 
leader  has  consumed  energy,  U>V,  W>0, 
or  if  the  formation  has  increased  the 
energy  of  the  system  U<V,W<0.  The 
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second  result  indicates  a  non  workable 
mechanise  and  the  first  result  a 
workable  one.  U  ia  the  energy  of  the 
charged  sphere.  If  4  is  the  potential 
function  inside  the  sphere  we  integrate 
the  product  pf  over  the  volume  of  the 
sphere.  This  gives  with  the  factor 
1/2  the  energy  li. 

U  =  4*R5p2/15e  *  3Q2/4weR.  (2) 

The  energy  V  consists  of  two  terms. 
First  we  have  after  removing  the  charge 
from  the  rim  of  the  sphere  the  main 
portion  of  Qj,  in  the  now  slightly  smal¬ 
ler  sphere  of  radius  Rj.  For  the 

calculation  of  the  energy  U^  of  the 

smaller  sphere  we  use  also  Equation  (2) 
replacing  R  by  R^. 

U'l  =  4iteR  (3) 

Furthermore,  we  have  to  concentrate 
into  the  spheroid  representing  the 
leader.  If  C,  ia  the  capaoity  of  the 
spheroid  ana  K  the  concentration 
energy,  we  have 

K  =  qf/2C1.  (4) 

From  Equation  (1),  (2),  (3),  and  (4)  we 
obtain  the  final  result 

W  =  U-U1-Q5/2C1.  (5) 

U-Ujl  represents  now  the  energy  of  a 
very  thin  spherical  shell  charged  with 
the  charge  Q^.  We  can  either  make  the 
transition  Rj+R  using  Equations  (2)  and 
(3)  or  uae  right  away  the  capacity 
formula  (4)  replacing  by  C*4aeR.  C 
is  the  capaoity  of  the  spherical  shell. 
The  result  ia  then 

W  =  -q£(l/Crl/C)/2.  (6) 

Since  C  is  always  greater  than  Ci ,  the 
energy  difference  ia  negative  ana  con¬ 
sequently  the  charged  leader  mechanism 
in  not  a  workable  concept.  From  a 
phynioal  point  of  view  the  result  ia 
self  evident,  since  -  as  mentioned 
above  -  the  concentration  of  charge 
requires  always  an  energy  input. 

ENERGY  BALANCE  OF  THE  INDUCTION 
LEADER  -  0.  A.  Stratton  (9)  gave  in  his 
textbook,  "Electromagnetic  Theory," 
under  section  number  2.13  a  theorem  on 
the  energy  of  uncharged  conductors  in 
the  following  verbal  and  mathematical 
formulations!  "The  introduction  of  an 
uncharged  conductor  into  the  field  of  a 
fixed  set  vf  charges  diminishes  the 
total  energy  of  the  field",  or  expres¬ 
sed  in  a  mathematical  formula 


+  /  e(E-E')2dv}/2.  (7) 

h 

W  is  again  the  difference  of  the  energy 
U  before  and  the  energy  V  after  the 
introduction  of  the  conductive  spheroid 
representing  the  leader  of  a  lightning 
dir-nharge.  E  and  E'  designate  the  field 
vector  before  and  after  the  body  ie 
brought  into  the  field.  It  shall  be 
understood  that  Stratton's  expression 
"uncharged  conductor's"  means  that  the 
net  charge  on  the  conductor  1b  zero. 
Induced  charges  are  permitted  and 
present  since  they  are  the  cause  of  the 
diminishing  of  the  field  energy.  This 
theorem,  mathematically  expressed  in 
Equation  (7),  proves  the  point  w  n 
wanted  to  make  which  is: 

The  leader  mechanism  introduced  by 
Kanomir  1950,  which  is  baaed  on  an 
uncharged  bidirectional  growing  channel 
carrying  only  induced  charges  oan  draw 
enoryy  for  its  growth  and  connected 
energy  consuming  phenomena  from  the 
energy  stored  in  the  electric  field  of 
a  thunderstorm. 

We  apply  now  Stratton's  Equation  (7)  to 
a  slim  spheroid  presenting  the  leader 
for  the  case  shown  in  Figure  2a.  The 
leader  ie  restricted  In  length  so  that 
the  cloud  field  can  be  assumed  constant 
in  the  neighborhood  of  the  leader.  The 
equation  of  the  potential  function  of 
the  uncharged  conductive  spheroid 
exposed  to  a  constant  electric  field  Is 
generally  known  or  can  be  found  in  any 
textbook  of  potential  theory  or  elec¬ 
tricity,  for  instance,  5mythe  (10) 
"Statip  und  Dynamic  Electricity."  To 
obtain  the  field  E'  and  solve  the  inte¬ 
grals  of  Equation  (7)  requires  only 
straight! orward  calculus.  Uae  partial 
integration  to  solve  the  second 
integral . 

The  spheroid  has  the  long  axis  a, 
the  short  axis  b,  and  the  eccentricity 
c.  The  solution  of  the  first  integral 
Ii  in  (7),  which  has  to  be  taken  over 
the  inside  of  spheroid  Vq  is 

I^  a  4xeE2ab2/6.  (8) 

The  solution  of  the  aeoond  integral  Io 
taken  over  the  outside  of  the  spheroid 

is 

I2  =  4aeEZa3(l-b2Q0/ac)/6Q1  (9) 

1  a+c  a  a+c 

Qq  a  -  In  — ■ »  ;  Qj  «  •—  In  •  -  1  (9a) 

2  a-c  2c  a-c 

Qq  and  Qj  are  Legendre's  Polinomials  of 


W  =  {/  eE2dV 
V0 
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second  kind  and  order  0  and  1. 
Inserting  and  combining  Equation  (8) 
and  (9)  in  Equation  (7)  we  obtain 

W  =  4ncE2a3(l-b2(Qn-Q1)/a2)/6q1.  (10) 

or  in  good  approximation  for  slim 
spheroids , 

W  r  4*eE2a3/6Q1  »  b«a.  (10a) 

STATIC  DISCHARGE  AND  TRIGGERED 
LIGHTNING 

We  are  now  in  a  position  to  take  a 
new  look  on  lightning  strikes  to  air¬ 
craft,  static  discharges  and  triggered 
lightning,  and  the  problems  involved  in 
energy  and  charge  supply.  Harrison 

(11)  reported  on  a  controversy  between 
pilots  and  scientists  representing 
observation  on  one  aide  and  theory  an 
the  other  side.  Since  the  confusion 
existing  about  static  discharges  and 
triggered  lightning  oannot  be  better 
illustrated  than  by  this  discussion, 
wo  quote  here  from  s  pspar  of  Clifford 

(12)  who  gives  the  following  descrip¬ 
tion  of  the  controversy! 

"The  pilots  almost  unanimously 
argeed  that  there  are  two  distinct 
types  of  lightning  observed  in  flight. 
The  most  common  variety  usually  occurs 
while  flying  in  precipitation  at  tempe¬ 
ratures  near  freezing.  This  type  is 
preceded  by  a  build  up  of  static  noise 
in  the  communication  gear  and  the 
presence  of  corona  (St.  Elmo's  fire) 
can  be  observed  if  the  flight  is  at 
night.  The  build  up  may  continue  for 
several  seconds  before  the  disoharge 
terminates  the  static  and  corona. 

The  second  variety  occurs  abruptly 
without  warning.  It  is  most  likely  to 
be  encountered  in  or  near  thunder¬ 
storms,  in  contrast  to  the  former 
variety  whioh  is  more  likely  to  be 
experienced  in  precipitation  that  hea 
no  connection  with  thunderstorms. 
Pilots  tend  to  believe  that  the  slow 
build  up  type  of  discharge  ia  not  a 
true  lightning  strike  but  rather  a 
discharge  of  excess  charge  build  up  on 
the  aircraft  by  flying  through  precipi¬ 
tation.  The  non-thunderstorm  type 
greatly  outnumbers  ths  other.  Both 
kinds  can  create  a  brilliant  flash  and 
a  boom  which  can  be  heard  throughout 
the  airplane. 

The  response  of  the  scientists  to 
the  pilots'  static  discharge  theory  has 
been  universally  negative.  They  insiat 
that  insufficient  charge  can  be  stored 
on  an  aircraft  to  produce  a  discharge 
which  looks  and  sounds  like  lightning. 


Scientists  ere  even  more  wmphitic  that 
insufficient  energy  could  be  contained 
in  such  a  static  charge  buildup  to 
produce  any  visible  evidence  such  is 
burn  marke,  pitting  or  other  damage  on 
the  aircraft.  Yet,  the  pilots  continue 
to  insist  that  the  aircraft  ia  dis¬ 
charging  and  that  the  dischargee  do 
manifest  themselves  by  bright  noisy 
arcs  and  (not  all  pilots  are  sure  about 
this)  visible  damage.  The  controversy 
hae  been  characterized  as  a  difference 
in  view  between  scientists  uf  long 
standing  and  pilots  of  long  sitting." 

This  is  a  remarkable  and  illustrs" 
tivs  description  of  the  problem  of  the 
triggered  lightning.  Scientieta  who 
still  adhere  to  the  charged  laader 
theory  of  the  natural  lightning  dis¬ 
charge  will  have  extreme  difficulties 
in  solving  the  charge  supply  or  energy 
problems  of  the  static  discharge.  What 
they  obviously  don't  realize  is  that 
the  same  problem  exists  with  the 
natural  as  with  the  triggered  light¬ 
ning.  Using  the  uncharged  leader 
theory  there  ia  no  problem  in  any  of 
these  cases.  What  the  pilots  label 
static  discharge  is  nothing  olae  than  a 
triggered  lightning.  The  energy  ia 
furnished  from  the  eleotric  field.  It 
would  not  matter  if  the  field  ie  pro¬ 
duced  by  a  thundercloud,  by  electrified 
shower  clouds  or  the  debris  clouds 
after  a  thunderstorm  which  ara  known  to 
be  highly  electrified.  Even  snowstorms 
which  produce  very  few  natural  light¬ 
ning  discharges  or  non  at  all  generate 
high  electric  fields  capable  of  provi¬ 
ding  the  energy  of  a  triggered  light¬ 
ning.  The  starting  nucleus  is  the 
airplane  itself.  5inco  it  is  much 
larger  than  s  precipitation  particle  it 
can  trigger  lightning  discharges  in 
clouds  whore  the  field  is  not  strong 
enough  for  s  precipitation  particle  to 
do  ao.  The  pilots  emphasize  the  point 
that  flying  through  preclpl tatlon  close 
to  the  zero  degree  level,  or  more  pre¬ 
cisely,  through  a  cloud  region  contai¬ 
ning  a  mixture  of  ice  and  water 
enhances  the  possibility  of  a  static 
discharge.  This  too,  ia  a  valid  obser¬ 
vation  since  flying  through  alest  or 
i««t  snow  produces  very  effective  tri- 
boelsctric  charging  of  the  aircraft. 
This  charging  of  the  aircraft  will  not 
be  able  to  furnish  enough  charge  or 
energy  for  a  lightning  discharge  but  it 
will  help  in  the  critioal  atags  of 
converting  corona  into  a  lightning 
disoharge.  As  soon  n  a  sufficient 
long  filament  ie  established  the  exter¬ 
nal  electric  field  can  take  over  and 
provide  the  necessary  energy  for 
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further  growth.  This  help  in  aterting 
the  discharge  furnished  by  a  large 
nuoleue  and  friction  charge  will  enable 
the  aircraft  to  trigger  lightning  in 
relative  weak  fields  where  the  ensuing 
lightning  ia  also  weak  and  it  way  not 
be  easy  to  detect  marks  on  the  air¬ 
craft.  However,  this  may  lead  to  the 
wrong  conclusion  that  triggered  light¬ 
ning  -or  static  discharges  -  ara 
generally  harmless.  This  will  not  bs 
true  if  the  relatively  weak  leader 
reaches  ground  and  the  aircraft  is 
exposed  to  the  return  stroke.  Further¬ 
more,  not  knowing  how  to  differentiate 
a  triggered  lightning  from  a  hit  by  a 
natural  lightning  it  is  a  fair  conclu¬ 
sion  that  many  lightning  discharges 
triggered  in  a  thunderstorm  are 
mistaken  for  lightning  hits.  If  the 
trigger  mechanism  works  in  the  weaker 
fields  of  non-thunderstorm  clouds  there 
is  not.  reaeon  to  assume  that  it 
wouldn't  work  even  better  in  the  stron¬ 
ger  fields  of  thunderstorms.  The 
question  here  is  how  to  distinguish 
between  a  triggered  and  the  hit  of  a 
natural  lightning.  The  step  leader  of  a 
natural  lightning  has  still  a  velocity 
of  about  105  m/s.  A  lesder  coming 
towards  the  airplane  would  bridge  100 
meter  in  1  milliaecond  or  10Q0  meter  in 
10  milliseconds.  Thia  ia  too  short  a 
time  for  a  human  eye  to  focus  on  or 
resolve  any  detail.  Therefore  the 
rtatement  of  the  pilots  that,  "The 
second  variety  occurs  abruptly  without 
warning,"  is  again  correct.  The 
streamers  emerging  from  an  airplane  to 
meet  or  intercept  a  lightning,  shown  in 
most  drawings  of  such  an  event,  are 
certainly  not  based  on  observation. 

With  the  exception  of  the  case 
that  the  aircraft  wea  already  in  corona 
before  the  lightning  hit  we  have  here  a 
simple  rule  to  differentiate  the  trig¬ 
gered  lightning  from  the  hit  by  a 
natural  lightning. 

Triggered  lightning  (static  discharge) 
is  preceded  by  corona  disohargd,  whioh 
lasts  long  enough  to  be  perceptible  by 
human  senses,  and  which  is  stopped  at 
the  occurance  of  the  lightning  dis¬ 
charge.  The  hit  by  a  natural  lightning 
occurs  abruptly  without  a  preceding 
perceptible  corona  discharge. 

The  distinction  between  the  triggered 
and  not  triggered  lightning  variety  is 
important  since  in  accordance  with 
pilots  observations  the  first  greatly 
outnumbers  the  second  type.  (Estimates 
of  the  author  about  100  to  ".)  Light¬ 
ning  hits  can  occur  almost  anywhere 
inside,  underneath  or  in  very  dose 


proximi>y  of  a  thunderstorm.  Triggered 
lightning  is  bound  to  occur  in  zones  of 
high  electric  fields  inside  or  in  close 
proximity  to  the  cloud  but  these  zones 
are  not  limited  to  thunder  clouds,  they 
occur  also  in  other  non  thundering  but 
highly  electrified  clouds.  The  two 
bolts  of  lightning  triggered  by  the 
Apollo  12  rocket  are  the  beat  documen¬ 
ted  examples  of  suoh  a  situation.  The 
probability  of  the  occurrence  of  trig¬ 
gered  lightning  is  enhanced  by  certain 
types  of  precipitation.  Muoh  effort  in 
laboratory  tests,  lightning  analysis, 
occurrence,  location,  and  design  of 
warning  devices  is  spent  on  natural 
lightning,  but  surprisingly  little 
effort  ia  directed  to  ths  study  of 
triggered  lightning,  which  accounts  for 
the  majority  of  lightning  accidents. 

LABORATORY  EXPERIMENTS  OF  TRIGGERED 
LIGHTNING 

It  has  been  made  clear  in  the 
disouaaion  of  the  preceding  aeotiona 
that  triggered  lightning  is  what  we  may 
term  an  electrodaless  discharge.  That 
means  the  discharge  channel  ie  not 
oonected  or  originates  at  one  metallic 
electrode  of  a  high  voltage  generator 
and  proceeds  to  the  other  electrode. 
However  the  discharge  may  start  on  a 
floating  metallic  or  non-metallic 
nucleus,  such  aa  an  airplane  or  a  pre¬ 
cipitation  partiole,  and  use  the 
electrio  field  energy  provided  by  the 
generator  for  its  growth.  The  distinc¬ 
tive  difference  between  a  spark 
starting  from  one  electrode  end  an 
eleotrodeless  discharge  is  that  the 
spark  has  ready  access  to  draw  current 
or  charge  from  the  generator,  restric¬ 
ted  only  by  the  internal  reoietanos  of 
the  generator,  whereas  the  elaotrode- 
laas  discharge  can  draw  no  ourrent  or 
charge  from  the  generator  end  is 
limited  to  the  use  of  the  energy 
confined  in  the  field.  This  makes  the 
two  types  of  discharges  quite  different 
in  mechanism  and  diecharge  characteris¬ 
tics.  Therefore  the  spark  discharge 
between  two  electrodes  is  not  a  good 
model  of  a  leader  of  a  natural  light¬ 
ning  nor  of  a  triggered  lightning. 

It  is  easy  to  see  that  the  spark 
between  e  pointed  electrode  and  a  plate 
inspired  the  model  of  the  charged 
leader.  The  spark  emerges  from  the 
pointed  electrode,  which  may  have  been 
a  piece  of  wire  connected  to  one 
terminal  of  the  generator.  The  other 
terminal  ie  connected  to  the  plate. 
The  spark  easily  draws  charge  froth  the 
generator  and  depo  its  it  along  the 
channel  during  its  growth  to  plate. 
Making  contact  with  the  plate  the  spark 


will  discharge  the  charge  in  the  chan¬ 
nel  and  the  charge  of  the  capacitor  of 
the  generator.  Schonland's  drawing  cf 
the  first  leader  to  ground  and  the 
return  stroke  shown  in  Figure  la  is  an 
exact  transference  of  the  events  taking 
place  during  a  spark  discharge  between 
two  electrodes  energized  by  a  charged 
capacitor.  This  picture  has  set  the 
mold  for  the  model  of  the  lightning 
discharge  up  to  the  present  time. 

The  spark  between  the  two  elec¬ 
trodes  of  a  high  voltage  generator  haa 
in  most  cases  been  the  experimental 
tool  to  investigate  the  properties  and 
effects  of  a  lightning  discharge. 
Since  the  model  wan  in  error  right  at 
the  beginning,  the  results  of  these 
laboratory  experiments  should  be  inter¬ 
preted  with  caution.  Especially  all 
events  which  require  charge  or  current 
nupply  in  short  time  (microseconds)  or 
have  a  high  frequency  content  (MHz) 
will  be  influenced  or  even  dominated  by 
the  internal  impedance  of  the 
generator.  The  technical  resistor,  for 
instence,is  a  linear  circuit  element 
and  technical  circuit  problems  are 
based  on  the  solution  of  linear  differ¬ 
ential  equations.  The  resistance  or 
conductivity  of  a  lightning  ohannel  is 
very  definitely  not  a  linear  circuit 
element  and  the  treatment  of  dynamic 
lightning  problems  require  the  solution 
of  non-linear  differential  equations. 
Indiscriminate  applications  of  the 
telegraph  aquation  to  lightning  prob¬ 
lems,  for  instance,  may  lead  to  erro¬ 
neous  conclusions.  To  the  knowledge  of 
the  author  no  laboratory  experiment  haa 
been  carried  out  whioh  reflects  the 
situation  of  a  lightning  discharge. 
However  there  is  an  experimental  deter¬ 
mination  of  the  field  necessary  to 
trigger  a  lightning  discharge  by  the 
orbiter  (apace  shuttle)  Kasemir, 
Perkins  (15)  whioh  shows  at  least  the 
initial  stage  of  a  triggered  lightning 
as  seen  from  the  point  of  view  of  this 
section  -  an  electrodeless  discharge. 
A  model  of  the  orbiter  was  supported  on 
three  teflon  pasta  in  a  large  plate 
condenaor  capable  of  producing  static 
electric  fields  of  maximum  330  kV/m. 
Figure  (3).  The  distance  of  the  belly 
of  the  orbiter  to  the  lower  plate  was 
165  mm  and  that  of  the  tip  of  the  tail 
fin  to  the  upper  plate  280  am.  The 
dimensions  of  the  upper  plate  were  5x5 
m,  and  for  the  lower  plate  the  ground 
was  used,  ao  for  all  practical  pur¬ 
poses,  it  was  an  infinite  conductive 
plate.  The  distance  between  upper 
plate  and  ground  was  750  mm  so  that  in 
the  area  of  the  model  the  field  was 
uniform  (with  the  orhiter  absent.)  The 


main  point  here  is  that  the  orbiter  was 
well  insulated  from  either  electrode, 

i.e.,  it  could  not  obtain  charge  or 
current  from  the  generator.  The  fol¬ 
lowing  measurements  were  carried  out. 
The  voltage  at  the  upper  plate  was 
raised  until  the  first  small  corona 
dischargn  appears.  In  this  case  it  was 
in  a  field  of  153  kV/m.  Then  the 
voltage  was  raised  until  the  corona  was 
strong  enough  to  be  photographed.  The 
drawing  in  Figure  3  was  made  when  the 
field  waa  280  kV/m.  In  Figure  (4) 
flash  over  occured  in  a  field  of  about 
304  kV/m. 

Figure  (4)  ia  the  reproduction  of 
a  photograph  taken  on  color  film.  The 
reproduction  of  the  color  photo  of 
Figure  (3).  doesn't  show  the  corona 
points  at  the  fuoelage  of  the  orbiter 
and  is  here  replaced  by  a  technical 
drawing . 

There  are  several  interestng  com¬ 
ments  one  can  make  to  this  experiment. 

1.  If  the  field  ia  kept  constant 
at  a  value  between  153  and  304  kV/m 
corona  is  maintained  as  .long  as  the 
field  lasts.  Since  corona  cannot  be 
sustained  out  of  a  charge  the  airplane 
haa  accidentally  squired  or  out  of  any 
charge  collected  from  the  air,  or  from 
the  field  generator  we  have  to  hove  at 
least  two  corona  points  on  opposite 
sides  of  the  airplane.  One  point 
releases  positive  charge  into  the  air  - 
we  call  this  the  positive  corona  point 
-  ’and  the  other  one  releasees  negative 
charge,  so  that  the  airplane  remains 
essentially  uncharged.  There  is  no 
demand  that  the  airplane  has  to  deliver 
oharga  to  the  oorona  points. 

2.  It  ia  well  known  that  negative 
corona  starts  at  a  slightly  lower  field 
than  positive  corona.  In  this  case  the 
negative  corona  point  will  charge  the 
airplane  with  positive  charge.  The 
result  ia  that  the  field  at  the  posi¬ 
tive  point  ia  increased  until  positive 
corona  starts  too.  At  the  same  time 
the  field  at  the  negative  corona  point 
is  daoraased  so  that  the  negative 
charge  release  at  this  point  la  dimin¬ 
ishad.  This  is  an  automatic  balancing 
effeot  whioh  keeps  the  two  corona  cur¬ 
rents  equal.  A  similar  balancing 
mechanism  ia  also  affective  on  a  leader 
stroke  which  keeps  it  essentially 
uncharged. 

3.  Mora  critical  than  the 
different  corona  starting  fields  is  the 
difference  in  the  exposure  of  the 
corona  points.  It  ia  obvious  from 
Figures  (3)  and  (4)  that  the  oorona 
point  at  the  tail  fin  of  the  orbiter  ia 
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nor*  exposed,  i.e.,  the  field  concen¬ 
tration  feotor  there  is  higher  then  on 
any  point  on  the  fueelege  where  the 
field  oonoentretion  is  weak.  This 
generetee  seny  oorone  pointa,  even  et 
the  noee  of  the  orbiter,  to  counter 
belenoe  the  strong  toil  fin  corone. 

4.  We  may  mention  here  the  effeot 
of  p r so i p i t e t i on  or  t r i boe 1  so t r i c 
cherging.  Thie  continuous  cherge 
supply  to  the  eiroreft  will  ceuee  a 
cert sin  i mbs. lance  in  the  corone  cur¬ 
rents.  If  for  instance  negative  charge 
is  supplied,  the  ourrent  of  the  nega¬ 
tive  corona  point  will  get  stronger. 
This  will  support  filament  formation 
(discussed  in  5)  and  may  turn  corona 
into  lightning. 

5.  Flash  over  is  preoeded  by 
formstion  of  diatinot  filaments  in  the 
otherwise  diffuse  corona  glow.  They 
ore  short  in  length  at  the  beginning, 
about  5  to  10  cm,  and  of  short  dura¬ 
tion,  about  1/2  eeconds.  We  see  here 
the  first  aign  of  the  changeover  from  a 
cold  to  a  hot  discharge,  or  from 
diffuse  corona  to  a  allm  lightning 
ohannel.  Aa  soon  as  one  of  these 
jumping  filaments  reaches  the  upper 
plate,  flesh  over  ooours.  Corona  glow 
may  reach  the  upper  plate  but  that 
oauaea  no  flash  over  and  has  no  visible 
effect  on  the  form  or  intensity  of  the 
disoharga . 

6.  Aa  soon  aa  flaah  over  oooured 
the  discharge  aoaaee  to  represent 
lightning  since  the  discharge  la  now 
governed  by  the  eleotrio  oircult  of  the 
generator.  The  filament  mey  have 
reached  several  meter  length  if  not 
limited  by  the  upper  plate. 

7.  It  will  be  of  intersat  here  to 
report  on  an  observation  made  by  the 
author  on  hia  many  thunderstorm  pene¬ 
tration  flights  during  NOAA's  (National 
Oceanic  and  Atmoepherio  Agency)  light¬ 
ning  auppression  program.  During  cloud 
penetrations  at  6  to  10  km  altitude  in 
fields  of  more  than  100  Vy/m,  numerous 
slim  and  weak  dlsohargea  of  about  10  to 
30  meter  length  oould  be  seen  in  the 
cloud  in  a  diatenos  up  to  about  100  or 
200  metara  from  the  airplane.  These 
discharges  were  called  flicker  dis¬ 
charges  or  baby  lightnings.  They  were 
obviously  natures  attempt  to  start 
lightning  dlsohargea.  They  produoed  no 
visible  strikes  on  the  field  reoerds. 
However  the  field  mills  were  running  on 
the  300  kV/m  range  and  flalda  of  a  few 
kV/m  would  not  have  been  visible  on  the 
reaords. 

9.  The  treneition  from  oorone  to 
ohannel  formation  is  one  of  the  most 
crucial  but  praotioally  unexplored 
aspects  in  triggared  lightning 


research.  It  msy  be  difficult  to 
generate  eleotrio  fields  strong  enough 
and  over  a  long  enough  distance.  It 
may  however  be  possible  to  use  thunder¬ 
storm  fields  at  suitable  locations 
either  at  mountain  tope  or  using  high 
towers.  Another  approaoh  la  to  trigger 
lightning  from  the  ground  by  a  rocket 
with  a  trailing  wire  connected  to 
ground.  However  the  beat  and  most 
appropriate  measurements  could  be 
obtained  from  a  suitably  equipped  air- 
oraft.  Sinoe  researoh  along  these 
avenues  ia  still  in  progress  and  will 
be  reported  on  this  conference  the 
reader  oan  obtain  the  newest  informa¬ 
tion  from  the  relevant  papers. 

CONCLUSIONS 

1.  Two  different  mechanism  for 
the  leader  stroke  of  a  cloud  to  ground 
disoharga  have  been  suggested.  One  by 
Sohonlnnd  1938  (1),  which  will  be 
called  "The  charged  leader, "  and 
another  one  by  Kasemir  1930  (2),  which 
will  be  called,  "The  uncharged  leader." 

2.  The  charged  leader  collects 
charges  from  the  cloud,  stores  them  in 
the  channel,  and  carries  these  charges 
to  the  ground  In  case  of  a  cloud  to 
ground  diaoharge,  or  to  the  oppositely 
oharged  oloud  volume  in  oaee  of  en 
intra-oloud  diaoharge. 

3.  The  uncharged  leader  does  not 
oolleot  oharges  from  the  oloud.  It 
produces  positive  (positive  ions)  and 
negative  (electrons)  charges  Inside  its 
ohannel  by  ionization.  These  oharges 
are  separated  in  ths  channel  by  the 
external  oloud  field  to  form  the 
induoed  oharges  according  to  the 
minimum  energy  theorem  of  physios 
(Thompson's  theorem).  Consequently  one 
half  of  the  ohannel  oarries  positive 
and  the  other  half  negative  induoed 
oharges.  The  net  oharge  of  the  ohannel 
is  and  remains  zero.  Therefore  the 
label,  "The  unoharged  leader." 

4.  The  oharged  leader  actually 
disohargsa  the  oloud  during  its  life¬ 
time.  The  uncharged  leader  carried 
only  negative  induced  charges  into  the 
positive  oharged  oloud  volume  and  posi¬ 
tive  induoed  chargee  into  the  negative 
oharged  oloud  volume.  During  the  life¬ 
time  of  the  leader  the  induoed  oharges 
remain  in  or  very  oloee  to  the  channel. 
The  actual  discharging  or  neutraliza¬ 
tion  of  the  oloud  charges  ooours  after 
the  lightning  diaoharge  is  over. 

3.  The  charged  seder  requires 
energy  to  concentrate  the  cloud  chargee 
in  its  ohannel.  This  energy  cannot  be 
obtained  from  the  cloud  since  the 
charge  flow  does  not  follow  the  field 
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lines  produoed  by  the  cloud.  Conse¬ 
quently  there  is  an  energy  deficit  in 
the  charged  leader  concept.  Further¬ 
more  the  introduction  of  the  cloud 
charge  collecting  mechanism  has  never 
been  explained  or  justified.  In 
concl  usion » 

The  charged  leader  ia  not  a 
workable  physical  concept. 

6.  The  formation  of  the  uncharged 
leader  diminishes  the  energy  of  the 
cloud  (Stratton's  theorem).  In  other 
words  it  liberates  energy  from  the 
electric  field  of  the  cloud  and 
converts  it  into  the  energy  consuming 
processes  of  the  lightning  channel  such 
no  ionization,  channel  heating, 
electromagnetic  radiation,  etcetera. 

7.  The  uncharged  leader  is  baaed 
on  the  well-known  physical  laws  or 
concepts,  ionization  for  producing 
positive  and  negative  ohargea  inside 
the  channel,  and  induction  for  separa¬ 
ting  these  ohargea  into  a  positive  and 
a  negative  induced  charge  on  the  upper 
and  lower  half  of  the  channel.  This 
concept  of  the  uncharged  leader  can, 
applied  to  the  problem  of  atatio  dis¬ 
charges,  resolve  existing  controver¬ 
sies,  guide  research,  and  prediot  or 
explain  the  outcome  of  future  experi¬ 
mental  resulta  or  measurement. 

8.  One  conclusion  of  the 
uncharged  leader  oonoept  is  that  all 
atatio  dischargee  observed  on  airplanes 
are  triggered  lightning.  With  the 
knowledge  of  the  mechanism  of  a  trig¬ 
gered  lightning  and  ite  characteris¬ 
tics,  we  have  a  simple  rule  to  decide 
if  we  ore  dealing  with  triggered  light¬ 
ning  or  an  aooldantal  hit  by  natural 
lightning.  The  triggered  lightning  is 
preceded  by  observable  corona  discharge 
and  the  hit  by  natural  lightning  is 
not.  The  triggered  lightning  is 
restricted  to  the  zones  of  high  fields 
in  the  cloud  and  the  probability  of 
occurrence  la  enhanced  by  certain  types 
of  precipitation.  The  triggered  light¬ 
ning  to  not  restricted  to  thunderstorms 
but  can  happen  also  in  non-thunderous 
electrified  oloude  Including  snow¬ 
storms.  One  of  the  most  important 
future  research  objectives  is  the 
determination  of  the  oonditlona  that 
convert  corona  discharge  into  a  light¬ 
ning  channel. 
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1 .  Charged  Distribution  on  Charged  Leader 


a.  Stepped  leader 

b.  After  return  stroke 

c.  Cloud  discharge  advancing  upwardB 

d.  Cloud  discharge  advancing  downwards 


Fig.  2.  Charged  Distribution  on  Uncharged  Leader 

a.  Stepped  leader 

b.  After  return  stroke 

c.  Cloud  discharge  beginning  stage 

d.  Cloud  discharge  end  stage 
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ABSTRACT  ^ 

Laboratory  studies  of  graupel  particle  charging  in  simulated 
cloud  conditions  show  the  need  for  the  presence  of  ice  crystals  and 
cloud  water  simultaneously  except  under  conditions  where  secondary 
ice  crystal  production  occurs,  when  charging  initially  occurs  in  the 
absence  of  ice  crystals.  The  magnitude  of  the  charging  increases1  with 
sice  of  ice  crystal,  and  impact  velocity;  it  is  also  sensitive  to 
Impurities.  The  magnitude  of  the  charge  ia  also  sensitive  to  tempera¬ 
ture  and  the  sign  changes  between  -10  and  -20*6,  depending  on  cloud 
liquid  water  content. 

Aircraft  studies  were  carried  out  in  Montana  convective  clouds 
to  test  the  validity  of  the  extrapolaticn  of  the  laboratory  data  to 
the  atmosphere  from  the  viewpoint  of  generation  of  charge,  electric 
field,  and  aircraft  charging  during  cloud  penetration. 
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CIRCUMSTANTIAL  EVIDENCE  EXISTS  for  an  important 
role  of  the  ice  phase  in  the  separation  of 
electric  charge  in  thunderstorms  (1).  While  the 
occurrence  of  lightning  from  clouds  which  lie  in 
temperatures  entirely  above  the  ice  melting  point 
cannot  be  excluded  (a  few  reports  exist),  most 
thunderstorms  extend  to  temperatures  well  below 
the  freezing  point  with  anvils  often  as  cold  as 
-50“C.  Field  studies  by  Kuettner  (2)  on  a  moun¬ 
tain  observatory  on  the  Zugspltxe  showed  that 
high  electric  fields  were  associated  with  the 
precipitation  of  graupel,  ice  particles  some  am 
diameter  formed  by  the  accretion  and  freesing  of 
supercooled  cloud  droplets.  This  association  is 
further  substantiated  by  the  well-known  obser¬ 
vation  by  the  dramatic  Increase  in  radio  static 
commonly  observed  when  an  aircraft  flies  through 
regions  of  graupel  precipitation;  this  effect  can 
also  be  observed  in  an  automobile  radio  when 
driving  through  graupel  precipitation.  These 
observations  have  led  to  laboratory  atudies  which 
attempt  to  simulate  graupel  growth  and  measure 
the  conditions  necessary  for  the  separation  of 
charge.  These  experiments  have  been  carried  out 
from  the  viewpoint  of  elucidating  the  particular 
mechanism  or  mechanisms  responsible  for  the 
electrification  observed  in  real  clouda.  This 
paper  discusses  results  of  recent  laboratory  atu¬ 
dies,  and  describes  field  observations  designed 
to  examine  the  initial  electrification  of  a  cloud 
as  the  ice  phase  is  beginning  to  evolve  from  the 
viewpoint  of  relating  the  two  processes. 
Measurements  are  also  made  of  the  rate  of  charge 
of  the  aircraft  aa  it  penetrates  such  a  cloud  and 
collides  with  the  falling  graupel  particles. 

LABORATORY  AND  FIELD  STUDIES:  GRAUPEL 
ELECTRIFICATION 

Early  simulation  studies  by  Reynolds  st  al. 
(3)  investigated  charge  separated  during  graupel 
growth  simulated  by  moving  small  metal  spheres 
through  a  supercooled  cloud.  Charge  was  only 
reported  when  the  cloud  consisted  of  a  mixture  of 
supercooled  droplets  or  ice  crystals;  no  charge 
was  reported  during  graupel  growth  in  a  cloud 
composed  only  of  supercooled  cloud  droplets.  On 
the  other  hand,  Hallett  and  Saunders  (4)  found 
that  a  charge  separation  sometimes  takes  place  in 
a  supercooled  droplet  cloud,  but  only  in  asso¬ 
ciation  with  the  production  of  secondary  ice 
crystals  during  graupel  growth,  which  occurred 
only  under  specific  conditions  at  temperatures 
near  -4°C  and  with  a  wide  cloud  drop  size  distri¬ 
bution.  Both  studies  showed  that  substantial 
charge  separation  occurred  when  ice  crystals 


(~  100  um)wcre  produced  and  collided  with  graupel 
particles,  without  coagulation.  Substantial 
effects  were  found  only  with  the  presence  of 
cloud  water  and  ice  crystals  together.  Takahashl 
(5)  and  Jayaratne  et  al.  (6)  found  that  the 
magnitude  and  sign  of  the  charge  was  sensitive  to 
the  magnitude  of  the  cloud  liquid  water  content. 
In  particular,  the  latter  study  showed  that  for 
graupel  particles  moving  through  the  air  at  1  to 
2  am  s~l,  typical  of  thunderstorm  conditions,  a 
reversal  of  charge  sign  occurred  with  rime  +ve 
and  ice  crystals  -ve  at  temperatures  above  -20*C 
for  liquid  water  content  of  lg  m-^  and  above 
-10*C  for  liquid  water  content  of  2g  m~3.  Charge 
separation  for  each  ice  crystal  collislon- 
separatlon  event  gave  a  charge  separation  of 
-  10_1^C.  This  value  increased  by  ~  X10  in  the 
presence  of  impurities  typical  of  the 
atmosphere, 

A  carryover  of  these  results  to  the 
atmosphere  poses  the  question  of  how  frequently 
the  simultaneous  presence  of  graupel,  supercooled 
water  and  ice  crystals  occurs,  and  whether  or  not 
such  Interaction  can  be  predicted.  Radar  atudies 
of  Lhermltte  and  Krehbiel  (7)  and  Krehbiel  et  al. 
(8,9)  have  shown  that  regions  of  -ve  charge  cen¬ 
ters  are  co-located  within  well-defined  tem¬ 
perature  regions  below  the  freezing  level. 
Aircraft  penetrations  of  convective  clouds 
(10,11)  show  Integrated  volume  charge  densities 
measured  on  precipitation  (graupel)  particles 
growing  in  similar  cloud  regions  to  reach  values 
of  1C  km- 3,  Three  questions  can  be  posed  from 
these  considerations.  First,  it  is  necessary  to 
ask  how  far  the  charge  measurements  made  in  the 
laboratory  can  be  extrapolated  to  particle  impac¬ 
tion  on  alracraft,  and  graupel  particle  impaction 
and  separation  from  crystals  larger  than  those 
used  in  the  laboratory  studies.  Second,  are 
there  localised  regions  of  a  convective  cloud 
where  the  particle  type  and  concentrations  are 
optimum  for  charge  separation.  This  is  suggested 
by  the  laboratory  studies,  since  relatively  minor 
changes  in  crystal  size,  concentration  and  liquid 
water  content  give  rise  to  significant  differen¬ 
ces  in  charge  separation.  Third,  arc  there 
regions  of  particles  responsible  for  local  high 
rates  of  aircraft  charging  during  cloud  penetra¬ 
tion.  In  order  to  answer  these  questions,  quite 
specific  measurements  are  required.  Earlier 
measurements  (12)  showed  that  the  separated 
charge  Increased  dramatically  over  the  velocity 
range  4- 18m  s~*»  approximately  as  Q  o  V1* .  No 
measurements  are  available  at  higher  velocities, 
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and  with  crystals  larger  than  100  pm  to  simulate 
some  cloud  conditions  which  occur. 

In  order  to  compare  the  laboratory  studies 
with  the  atmosphere,  it  is  necessary  to  measure 
the  charge  on  individual  pecipitation  (graupel) 
particles,  along  with  cloud  properties  which 
laboratory  studies  have  shown  to  be  responsible 
for  the  charge  separation  -  graupel  structure, 
ice  crystal  size,  cloud  water.  Simultaneously, 
it  is  necessary  to  measure  the  electric  field  to 
assess  the  spatial  distribution  of  such  charges, 
together  with  the  aircraft  charge  during  its 
passage.  These  measurements  were  undertaken 
during  the  Cooperative  Convection  and 
Precipitation  Experiment  (CCOPE)  carried  out  near 
Miles  City,  Montana  in  1981. 

FIELD  STUDIES 

An  Aerosystems*  Aerocommander  turbo  prop 
aircraft  was  equipped  with  instrumentation  to 
measure  these  quantities,  together  with  other 
cloud  and  state  parameters.  Data  was  recorded  at 
1/10  second  intervals  during  cloud  passages  and 
in  the  cloud  environment.  Specific  measurements 
included : 

(a)  Electric  field  normal  to  the  aircraft 
(up  and  down)  by  two  field  mills  just  protruding 
from  the  aircraft  skin  at  a  position  in  the 
center  of  the  fuselage,  near  the  trailing  edge  of 
the  wing.  Each  unit  had  two  outputs, 
se^sltive/lnsensltlve,  full  scale  2.103y  m“^  and 
10  V  m_*.  The  aircraft  could  be  calibrated  for 
electric  field  measurement  by  charging  it  in 
clear  air  and  a  form  factor  determined.  The  dif¬ 
ference  values  of  the  two  electric  field  measure¬ 
ments  at  the  same  time  can  be  utilized,  assuming 
the  aircraft  to  be  an  equlpotential  surface,  to 
give  the  electric  field  at  infinity,  whereas  the 
8 urn  of  the  fields  can  give  a  value  of  the  instan¬ 
taneous  aircraft  charge. 

(b)  An  induction  tube,  axis  facing  the 
direction  of  flight,  with  two  rings  in  series 
through  which  particles  pass  sequentially.  Some 
particles  Impact  on  the  tube  to  give  spurious 
charge  separation;  these  can  be  eliminated  by 
examining  the  passage  time  between  rings  and  the 
time  constant  for  decay  of  the  signal. 

(c)  Cloud  and  liquid  water  content  - 
Johnson-Williams  hot  wire. 

(d)  Particle  measuring  systems.  Foreward 
scattering  spectrometer  probe,  to  give  cloud 
droplet  size  distribution  in  3  pm  bins  to  45  pn 
diameter. 

(e)  Particle  measuring  systems  2DC  probe  to 
give  precipitation  particle  shapes  and  con¬ 
centration  for  ~  100  pm  to  1  am. 

(f)  Continuous  formvar  replicator  to  give  a 
simultaneous  record  of  all  cloud  and  precipita¬ 
tion  particles  from  ~  5  pm  to  2  mm  diameter,  from 
which  size,  shape,  degree  of  riming  and  phase  can 
be  inferred. 
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Penetrations  of  a  cumulus  cloud  at  an  alti¬ 
tude  of  15,000  ft.  at  -3“C  with  a  liquid  water 
content  of  0.2g  m~3  and  -10°C,  200-600  pa 

diameter  graupel  particles,  in  a  concentration  of 
20<“1,  the  electric  field  was  70  kv/m  in  the  same 
direction  as  the  fair  weather  field.  The  par¬ 
ticle  charge  data  showed  many  small  negative 
charges  (average  charge  -3.7xl0-11  C)  and  'ew 
large  charges  (average  charge  +2.9xl0-1®  C)  with 
a  volume  charge  density  of  -1.5  C  km“3. 

Table  1  shows  charge  particle  data  from  a 
series  of  penetrations  in  growing  convective 
clouds  at  temperature  levels  near  -10°C  to  -15'C. 
Volume  charge  is  typical  of  thunderstorm  values, 
yet  these  clouds  were  at  a  rather  early  stage  in 
their  evolution.  Of  Interest  is  that  regions 
exist  where  particles  of  one  sign  dominate, 
although  particles  of  opposite  sign  are  usually 
present  in  ratio  approximately  10:1. 

Examples  of  electric  field  data  are  shown  in 
Figs.  1  and  2,  together  with  other  cloud  measure¬ 
ments.  The  presence  of  cloud  is  indicated  by  the 
presence  of  liquid  water.  This  data  shows  that 
the  upper  and  lower  fields  sometimes  are  tracking 
(no  aircraft  charge),  but  on  other  occasions  they 
do  not  track  showing  buildup  of  aircraft  charge. 

A  complete  analysis  of  this  data  will  link 
electric  field  and  aircraft  charge  with  the 
detail  of  the  ice  and  water  content  of  the  cloud 
during  penetration.  The  analysis  is  being  under¬ 
taken  from  the  viewpoint  of  finding  out  whether 
extrapolation  of  the  laboratory  results  to 
atmospheric  conditions  (large  crystals)  and 
higher  aircraft  speeds  are  reasonable,  or  whether 
some  new  phenomena  in  the  charging  process  are  at 
work.  The  aircraft  charging/discharge  rate  in 
ice  precipitation,  compared  with  ice  precipi¬ 
tating  in  water  cloud  will  be  crucial  to  this 
analysis. 

The  physical  processes  leading  to  charge 
separation  in  these  studies  is  fundamental  to  our 
understanding  of  the  cloud  electrification  pro¬ 
cess.  Although  recent  studies  have  shown  the 
presence  of  a  long  lasting  (hours)  contact  poten¬ 
tial  which  builds  up  during  rime  growth  (13), 
the  laboratory  studies  reported  here  show  a 
cessation  of  charging  as  conditions  change  over  a 
period  of  ~  10s.  This  could  be  related  to  accre¬ 
tion  and  sticking  of  crystals  on  the  charged  sur¬ 
faces,  and  is  subject  to  continuing 
investigation. 
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Fig.  2(b).  Field  Muur«ae&ti  in  penetration*  of  a  growing  cuaulus  with  a  little  ice  -  1  Aug.  1981,  Flight  24.  Up  and 

down  field  tracking  occurs  outside  the  cloud,  but  differences  in  field  occurs  during  penetration  (shown  by  liquid  water, 

top  graph).  VYS  -  air  vertical  velocity,  S.  Temp  -  Rosemont  static  temperature;  Theta  -  potential  temperature;  Alt  -  altitude  (m) 


LIGHTNING  ATTACHMENT  PATTERNS  AND  FLIGHT  CONDITIONS 
EXPERIENCED  BY  THE  NASA  F-106B  AIRPLANE 


ABSTRACT 


Bruce  D.  Fisher 
NASA  Langley  Research  Center 

0.  Anderson  Plumer 
Lightning  Technologies,  Inc. 


During  the  NASA  Langley  Research  Center  Storm  Hazards  Program,  thunderstorm 
penetrations  Jiave  been  made  during  three  summers  by  an  extensively  Instrumented 
F-106B  research  airplane  In  order  to  record  direct  lightning  strike  data  and 
the  associated  flight  conditions.  The  penetrations  were  made  in  Oklahoma  and 
Virginia  In  conjunction  with  ground-based  weather  radar  measurements  by  the 
NOAA-Natlonal  Severe  Storms  Laboratory  and  NASA  Wallops  Flight  Center,  respec¬ 
tively.  In  1980  and  1981,  the  airplane  received  10  direct  lightning  strikes 
each  year,  with  most  penetrations  occurring  near  the  freezing  level.  In  198?, 

239  penetrations  were  made  during  which  153  direct  lightning  strikes  occurred. 

Most  of  the  penetrations  In  1982  were  made  at  higher  altitudes  and  colder  ambient 
temperatures  than  In  1980  and  1981.  Following  each  flight,  the  airplane  was 
thoroughly  Inspected  for  evidence  of  lightning  attachment,  and  the  individual 
lightning  attachment  spots  were  plotted  on  Isometric  projections  of  the  airplane 
to  Identify  swept  flash  patterns. 

This  paper  presents  samples  of  the  strike  attachment  patterns  that  were  found, 
and  discusses  the  Implications  of  the  patterns  with  respect  to  airplane  protection 
design.  The  altitudes,  ambient  temperatures,  turbulence  and  precipitation  at 
which  the  strikes  occurred  are  also  summarized.  .The  significance  of  these 
findings  with  respect  to  lightning  avoidance  by  airplanes  Is  also  discussed. 
Finally,  lightning  strikes  to  several  U.  S.  Air  Force  airplanes  struck  during 
routine  operations  are  discussed  In  relation  to  the  Storm  Hazards  flight 
experience. 


This  paper  was  not  available  for  incorporation  into  thia  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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INSIDE  THE  CONE  OF  PROTECTION 


J.  k.  Stahnann 

PRC-1217  ,  PRC  Systems  Services 
Kennedy  Space  Center,  Florida  32899 


Although  lightning  conea  of  protection  and  conea  of  attraction  have  been  ueed 
for  over  100  years,  such  confualon  atlll  remains  ae  to  their  ef fectlvenese,  par¬ 
ticularly  an  applied  to  personnel  protection.  At  Kennedy  Space  Center,  a  1:1  cone 
of  protection  with  a  atralght  aide  la  standard  for  structure  or  equipment  protection. 
However,  at  the  launch  pad,  where  a  400-foot  lightning  lightning  rod  on  top  of  an 
Insulating  mast  Is  used  for  pad  lightning  protection,  the  Idea  developed  that 
pereonnel  within  a  400-foot  radius  of  thla  east  would  be  safe  fro*  lightning 
and  thoae  outalde  It  would  not.  Since  It  la  obvious  that  a  person  395  feet  (120.4 
e. )  from  the  mast  la  only  slightly  safer  than  one  at  403  feet  (123.5  a.),  an 
Investigation  was  Initiated  to  calculate  the  probabilities  of  e  person  being  struck 
by  lightning  as  he  moves  closer  to  the  mast  inside  the  cone  of  protection.  Since 
the  risk  does  not  go  to  aero  outside  the  structure,  the  risk  level  can  than  be 
estimated 

Golds, JPierce,  and  others  have  presented  data  and  probability  curves  from 
which  the  probability  of  striking  a  person  standing  within  the  cone  of  protection 
can  be  calculated.  The  atrlklng  distance  theory,  dating  back  to  the  time  of  Ben 
Prankllp^  can  be  used  to  define  a  cone  of  protection  with  a  circular  side  and  the 
attraction  radius  about  a  tower  and  an  individual  about  6  feet  In  height.  The 
striding  distance  la  a  function  of  stroke  charge  which  in  turn  Is  resisted  to 

atrpke  peak  current.  ■  h  - 

WTo  arrive  at  tho  expected  strike  frequency,  it  was  necesery  to  measure  the 
strike  frequencies  at  KSG.  Krider  and  others  have  found  a  mean  ares  density  , 

of  cloud-to-ground  lightning  at  KSC  of  about  4. 6^.1  flashes  per  (ftm^  per  month  In 
the  summer.  An  overall  frequency  is  estimated  its  about  20  flashes  per ^Itm*' per 
year.  With  these  data,  the  risk  of  exposure  at  various  distances  from  the  light¬ 
ning  mast  can  be  calculated.  Assuming  continuous  exposure  during  thunderstorms, 
this  risk  varies  from  about  one  strike  per  person  in  1,400  years  near  the  tower  to 
one  atroke  per  person  in  300  years  at  about  400  foot  (122  m.).  -*?r - 

Since  exposure  is  not  continuous,  tha  risk  Is  less  for  Individuals  who  are 
only  temporarily  exposed;  however,  since  many  workers  may  be  present,  the  risk  of 
accident  Is  greater.  If  a  person  Is  expoesd  to  lightning  in  an  open  area  such  as 
on  s  gollf  course  In  Florida  through  one  complete  storm,  the  risk  of  being  struck 
is  about  the  same  as  being  killed  In  a  motor  vehicle  accident,  about  once  in  4,000 
years.  In  tha  vicinity  of  a  400-foot  (122  n.)  tower,  toe  risk  Is  reduced  by  a 
factor  of  about  33  at  a  distance  of  150  feet  (46  m.)  from  the  tower. 
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PERSONNEL  LIGHTNING  PROTECTION  outside  but  near 
tall  structures  Is  a  concern  at  Kennedy  Space 
Center  (KSC) .  Standards  relating  to  the 
protection  of  the  Shuttle  vehicle,  equipment, 
and  small  nearby  structures  Invoke  the  1:1  cone 
of  protection  (1)*  with  a  straight  side  where 
the  radius  of  the  circle  of  protection  on  the 
ground  equals  the  height  of  the  structure  and 
Is  centered  at  the  canter  of  the  structure.  In 
the  case  of  the  lightning  mast  on  the  top  of 
the  Fixed  Service  Structure  (FSS),  the  height 
is  about  400  ft.  (122  m.)  resulting  in  a  circle 
of  protection  on  the  ground  with  a  radius  of 
400  ft.  (122  m.).  The  Immediate  question  which 
arises  is:  "How  safe  are  personnel  from  the 
lightning  strike  hazard  inside  this  circular 
area?"  Obviously,  a  person  just  inside  this 
boundary  is  about  as  exposed  as  a  person  just 
outside  it.  Many  protection  cone  shapes  have 
been  proposed  (1) ,  but  none  of  them  function 
as  a  shield  against  lightning.  They  all 
describe  a  geometric  probability  boundary 
within  which  the  probability  of  being  struck 
by  lightning  is  very  low.  Systematic 
investigations  of  the  protaction  afforded  by 
a  vertical  lightning  rod  have  concluded  that 
no  specific  protective  zone  could  be  ascribed 
with  complete  confidence  (1).  It  is  the 
purpose  of  this  paper  to  illustrate  how  the 
probabilities  of  strokes  to  personnel  within, 
as  well  as  outside,  the  cone  of  protection 
vary  and  can  be  entlmatod  so  that  the  risk  may 
be  evaluated  relative  to  the  penalties  or 
risks  involved  in  not  performing  a  particular 
activity  requiring  exposure. 

BASIC  ASSUMPTIONS 

The  geometrical  approach  to  the  solution 
for  the  probability  of  a  person  being  struck 
by  lightning  near  a  tall  structure  will  be  used 
for  this  analysis.  The  lightning  leader  is 
assumed  to  progress  from  uniformly  distributed 
charged  regions  in  the  cloud  toward  the  earth 
in  steps  until  its  tip  is  close  enough  to 
strike  the  ground  or  a  grounded  object  in  one 
final  jump.  The  height  of  the  leader  tip  at 
this  critical  breakdown  point  is  termed  the 
"striking  distance"  (1).  This  concept  dates 
back  to  Benjamin  Franklin  (1767).  During  the 
process,  a  streamer  also  is  formed  on  the 
structure  or  other  point  on  the  ground  and 
grows  toward  the  leader.  The  leader  and 
streamer  meet  at  a  junction  point  about  1/3 
of  the  distance  from  the  streamer  initiating 
terminal  to  the  "point  of  influence"  on  the 
stepped  leader  (2) .  The  stepped  leader  moves 
downward  in  a  random  manner  until  it  la  within 
striking  distance  of  the  ground.  The  lightning 
then  strikes  the  cloeeet  ground  point.  A 
typical  stroke  to  the  top  of  the  lightning 
mast  on  the  FSS  is  shown  in  Fig,  1  where  the 
striking  distance  was  estimated  as  about 
700  ft.  (213  m.). 


The  fundamental  geometry  for  a  tall  structure 
6f  height  H  and  a  striking  distance  of  S.  is 
'Rhone  in  fig.  2.  All  leaders  that  arrive  first 
at  a  distance  S  from  the  tall  structure  whan 
all  other  distances  from  it  to  ground  points 
are  greater  than  S.  are  assumed  to  strike  the 
structure.  For  the  calculated  results,  the 
height  of  the  FSS  mast,  which  is  400  ft.  (122  m.), 
is  the  tall  structure  height.  Similarly,  it 
is  assumed  that  all  strokes  whose  leaders  arrive 
first  at  a  distance  of  S,  from  a  standard  6-ft. 
(1.83  m.)  person  will  strike  the  person.  As 
shown  in  Fig.  2,  the  result  is  that,  for  a 
particular  S,,  all  strokes  within  a  "radius  of 
attraction"  R  will  be  attracted  to  the  tall 
structure  or  person  and  therefore  cnnrtot  reach 
the  ground  within  this  radius.  The  radius  of 
attraction  is  a  function  of  the  striking 
distance  (3) : 

R  -  (Sd2  -  (Sd  -  H)2)>* 

R  -  H((2Sd/H)  -  l)*1  (1) 

R  may  also  be  considered  the  radius  protected 
by  the  tall  structures  against  strokes  with  a 
particular  S.  to  parsons  or  small  structures 
on  the  ground.  The  area  protected  from  strikes 
is  a  linear  function  of  Sd: 

A  -  *H(2Sd  -  H)  (2) 

and  if  S.>>H 
o 


A  »  2irHS . 


The  above  formulas  hold  for  Sd  “  H.  If 

S.  <  H,  then  R  -  S,  and  A  -  x§  2  . 
q  a  a 

The  striking  distance  is  a  function  of 
the  charge  in  the  leader  tip  which,  in  turn, 
is  related  to  the  peak  current,  I  in  the 
return  stroke.  To  taka  into  accoBnt  the  fact 
that  upward  streamers  from  a  tall  structure 
may  be  aa  long  as  a  few  hundred  meters  (4) 
and  that  S  should  increase  with  structure 
height,  thi  curve  giving  the  largest  striking 
distance  for  various  peak  currents  was  selected 
for  the  400-ft.  (122  a.)  tower  calculations 
(Golds,  Fig.  6)  (1).  A  tower  height  of  less 
than  150  m.  is  not  likely  to  trigger  lightning 
with  an  upward  going  leader  (4) .  The  measure¬ 
ment  of  the  probability  of  strokes  having 
various  peak  currents  vary  widely  and  a  com¬ 
posite  of  the  results  of  scversl  investigators 
was  used  in  the  next  section.  The  data  was 
divided  into  10  deciles  of  10  percentiles 
each  and  an  average  striking  distance  and 
average  peak  current  was  assigned  to  each 
decile. 

For  calculating  strikes  to  a  person,  a 
more  conservative  relationship  between 
striking  distance  and  peak  current  was  used 
which  was  expressed  by  a  formula  due  to  Love 

(1): 

0.65_ 


10  I, 


pR 


^Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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(3) 


Krlder  and  others  (5)  have  estimated  a 
mean  monthly  area  flash  density  at  KSC  over 
th|  years  from  1974  to  1980  of  12  discharges/ 
km/month  in  June,  July,  and  August.  The 
number  of  cloud- to-ground  discharges  was 
estimated  as  4 ,6/knr /month.  Using  the  seasonal 
distribution  of  thunderstorms  at  KSC  (6)  for 
extrapolation,  the  yearly  average  is  about 
20  cloud-to-ground  dischargee/km  vyear ,  This 
density  was  used  to  find  the  stroke  proba¬ 
bilities  per  year  in  the  next  section. 


RESULTS 


In  a  manner  similar  to  that  used  in 
Reference  (7),  the  results  of  the  calculations 
for  a  400-ft.  (122  m.)  tower  and  for  c  6-ft. 

(1 .6.3  m.)  person  are  tabulated  in  Tables  1  and 
2.  1  .  and  S.  are  average  values  of  peak 

curreRt  and  average  striking  distances  re¬ 
spectively  selected  from  the  curves  and 
formula  referenced  in  the  previous  section. 

R  is  the  attraction  radius.  It  is  assumed 
that  all  strokes  of  the  specified  magnitude 
will  be  attracted  to  the  tower  within  that 
radius  and  therefore  they  will  not  hit  the 
ground  or  a  parson  on  the  ground.  The 
estimated  stroke  density  of  20  strokes /tun  /year 
is  equivalent  to  2  x  10  strokea/ni  /year/ 
decile  usad  for  these  calculations.  The 
probabilities  for  each  average  current  in  a 
decile  of  hitting  the  tower  are  summed  to 
obtain  the  cumulative  probability  of  strokes, 
below  the  specified  average  magnitude,  hitting 
the  tower.  As  the  strokes  become  larger,  S 
and  the  attraction  area  increase  so  that  more 
large  strokes  are  attracted  to  the  tower  than 
small  strokes.  Small  stroke  leaders  must 
arrive  close  to  the  tower  by  chance  in  order 
to  strike  it.  The  estimated  cumulative 
probability  for  all  strokes  of  2  per  year  is 
about  what  has  been  experienced  at  KSC. 

Similar  calculations  may  be  made  for  a 
6-£t.  (1.83  m.)  person.  According  to  the 
results,  an  exposed  person  could  attract 
large  strokes  from  92  ft.  (28  m.)  away.  If 
the  person  raises  a  3-ft.  (0.915  m.)  golf 
club  over  his  head,  increasing  his  total  height 
to  9  ft.  (2.74  m.),  the  attraction  radius 
increases  by  20  ft.  to  112  ft.  (34,2  w.).  As 
we  have  shown,  where  S»H,  the  attraction 
area  is  proportional  to  H  for  a  particular  S  . 
Therefore,  the  SOX  height  increase  due  to  the 
golf  club  results  in  a  50%  greater  chance  of 
being  hit  by  lightning.  This  is  why  it  is  so 
important  to  maintain  a  low  profile  on  a 
beach,  golf  course,  or  other  exposed  area. 

Tables  1  and  2  show  that,  as  a  person 
moves  toward  the  tower  from  a  distance  of 
about  915  ft.  (279  m.),  he  is  initially 
protected  only  against  the  larger  strokes 
which  can  hit  the  tower  and  then  against 
smaller  and  smaller  strokes.  At  377  ft. 

(115  m.)  or  about  400  ft.  (12£  m.),  a  person 
is  protected  against  strokes  "17.6  kA  and  must 
wait  294  years,  on  the  average  to  be  struck, 


being  sure  to  be  exposed  to  all  97  thunder¬ 
storms  per  year.  However,  it  should  be  pointed 
out  that  the  sice  of  the  Stroke  Is  not  of 
interest  to  the  person  being  struck.  If  the 
person  is  not  near  the  tower,  a  person  might 
be  struck  once  every  41.5  years.  The 
probability  may  be  reduced  by  a  factor  of  7 
by  approaching  to  within  377  ft.  (.1.15  m.)  of 
the  tower.  Finally,  at  a  distance  of  150  ft. 

(46  m.),  the  probability  is  reduced  to  once 
per  1,364  years,  providing  a  factor  of  33 
compared  to  unprotected  exposure.  Tables  1 
and  2  illustrate  that  the  protection  gradually 
increases  as  the  distance  from  the  tower 
decreases  with  no  sharp  boundaries.  Currently, 
the  tendency  is  to  reduce  to  allowed  radius  of 
protection  where  personnel  are  concerned.  For 
example,  Lee  (2)  suggests  a  radius  of  50  ft. 

(15.2  m.).  It  may  be  more  logical  to  accept 
the  risk  in  certain  circumstances,  particularly 
under  the  conditions  discussed  in  the  next 
section. 

Since  the  launch  pad  radius  is  about 
1,500  ft.  (457  m.),  at  a„cloud-to-ground  stroke 
density  of  20  strokes/km  /year ,  it  ia  estimated 
that  about  1.3  strokes  would  hit  the  launch  pad 
per  year.  If  two  hit  the  FS8  mast  and  one 
hits  the  nearby  water  tower,  about  10  strokes/ 
year  are  left  to  hit  elsewhere. on  the  launch  pad. 

CONDITIONAL  PROBABILITIES 

So  far,  we  have  assumed  unrealietic 
conditions.  For  example,  we  have  assumed  full 
exposure  to  all  thunderstorms,  symmetrical 
approach  from  all  angles,  uniform  strike 
density  distribution,  and  a  fixed  averaga 
ratio  between  cloud-to-cloud  and  cloud-to- 
ground  strokes.  It  la  hoped  that  in  the 
future,  we  will  be  able  to  take  advantage  of 
more  specific  conditions. 

It  is  obvious  that  no  one  will  be 
exposed  to  lightning  in  all  the  storms  so  that 
a  factor  must  be  introduced  to  account  for 
exposure  time,  such  as  the  exposure  time 
divided  by  the  total  thunderstorm  minutes  per 
year.  Using  Krlder' s  107  minutes  per  storm 
on  the  average  in  the  summer  (5) ,  by 
extrapolation,  KSC  storms  would  last  about 
107  minutes  x  97  storms/year  ■  10,000 
minutes  (about  one  week) /year.  The  minutes 
are  not  of  equal  threat  value  and  therefore 
should  be  weighted  in  reel  time  in  conformance 
to  the  actual  storm  intensity  and  locations. 
Storms  are  located  over  the  three toned  area 
only  a  portion  of  the  time.  At  KSC,  thunder¬ 
storms  generally  approach  from  the  westerly 
directions .  If  the  charged  areas  can  be 
located  and  the  direction  of  approach 
determined,  specific  probabilities  iay  be 
calculated.  For  example,  if  the  charged 
areas  are  west  of  the  launch  pad,  personnel 
working  east  of  the  tower  are  much  less 
threatened.  The  cloud-to-ground  stroke 
probability  should  also  be  related  to  charge 
location.  Sosie  storms  in  Florida  produce 
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Almost  sll  cloud- to-cloud  lightning  which  Is 
much  loss  of  s  thrs«t  to  personnel,  even  If 
locstad  ovarhaad.  Whan  wa  can  confidently 
predict  specific  conditions,  the  lightning 
hazard  can  ba  aora  specif ically  astimatad. 

CONCLUDING  DISCUSSION 

While  the  hasard  of  being  struck  by 
lightning  is  small,  it  is  comparable  to  the 
hasards  of  being  killed  by  tornadoes,  floods, 
and  earthquakes  combined.  If  a  parson  is 
required  to  be  exposed  to  the  lightning 
hasard  in  the  vicinity  of  a  tall  structure, 
the  degree  of  hasard  can  ba  estimated.  The 
concept  of  striking  distance  provides  a 
technique,  as  has  been  illustrated.  While 
the  estimate  will  vary  with  the  assumptions 
and  data  used,  it  is  evident  that  the 
probability  doas  not  vary  suddenly  at  a 
particular  distance  from  the  tower.  However, 
the  probability  of  being  ntruck  does  decrease 
rapidly  as  the  tower  la  closely  approached. 

The  probability  of  an  individual  being 
killed  in  an  automobile  accident  is  about 
24  deaths /100, 000  people/year  or  once  in 
4,167  years  for  a  person.  From  the  results 
in  Tables  1  and  2,  if  we  assume  that  an 
individual  is  exposed  to  only  one  complete 
Florida  storm/year  and  is  located  at  a 
distance  of  377  ft.  (115  m.)  from  a  400-ft. 

(122  m.)  tower,  the  person  would  be  struck 
by  lightning  every  97  x  294  «  28,318  years 
since  his  exposure  la  reduced  to  1/97  of  that 
previously  calculated.  At  the  outer  915  ft. 
(279  m.)  distance,  the  probability  would  be 
once  every  41.5  x  97  -  4,025  years  or  about 
the  same  chance  an  being  killed  in  an  auto 
accident.  Since,  nationally,  the  chances  of 
being  killed  by  lightning  ara  less  than  thoaa 
of  being  killed  by  a  motor  vehicle  by  a  factor 
of  about  500,  moat  people  try  not  to  expose 
themselves  to  the  lightning  strike  hasard,  even 
for  the  equivalent  of  one  complete  storm  per 
year.  Further,  from  a  safety  point  of  view, 
the  probability  of  any  lightning  strike  to  a 
group  of  persons  is  important.  This  hasard 
is  increased  by  the  number  of  people  exposed. 

The  hope  for  reducing  the  lightning 
strike  hasards  in  the  future  lies  in  our 
ability  to  make  specific  predictions  about 
the  location  of  the  thunderstorm  charged 
reglona  and  about  the  thunderstorm  intensity 
and  other  characteristics  that  My  be  used  to 
accurately  predict  the  strike  threat  to 
personnel  at  specific  locations. 
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Table  1  -  Probability  of  Striking  a  400  ft  (122  m)  Tower 
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Strokea/Year 

Cumulative 

Probability 

Strokes/Year 
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3.8 

.P- 

o 

1 

UT 

o 

28.4  kA 
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76,454 
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0,4164 

2.4 

50-  60 

35.2  kA 

186 

174 

95,115 

0,19023 

0.6066 

1.65 

60-  70 

44 .5  kA 

217 

195 

1 19,459 

0.23892 

0.8455 

1.18 

70-  00 

57.0  kA 

258 

219 
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0.30135 

0.1468 

0.872 

80-  90 

77.0  kA 

318 

j0 
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0.39270 

1.5395 

0.65 

90-100 

112.0  kA 

300 
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244,545 

0.48909 
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Decile 

V 

Table  2  -  Probability  of  Striking  a  6  ft  (1.83  m)  Person 

_  _  Decile  Cumulative 

Sd  R  Area  Probability  Probability 

">  m  m2  Strokea/Year  Strokea/Year  Yeara/Strike 
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6.2 
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32.7 
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kA 
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735 

0.001470 
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kA 
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0.001732 

0.005130 
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kA 

88.0 
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0.002014 
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19.2 

.1,158 
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0.009460 
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C* 

o 

I 

o 
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kA 
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0.002692 

0.012152 

82 

70-  80 

57.0 

kA 
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1,576 

0.003152 

0.015304 

65 
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kA 
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1,932 

0.003864 

0.019168 

52 

90-100 

112.0 

kA 

214.8 

28.0 

2,463 

0.004926 

0.024094 
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FIGURE  CAPTIONS 


Fig.  1  -  A  typical  lightning  stroke  to  the 
top  of  the  lightning  mast,  Pad-39A,  KSC 


Fig.  2  -  Geometry  for  determining  the  radius 
of  attraction  for  lightning  strokes  to  a  tall 
structure  or  person 
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ABSTRACT  \ 

V 

An  investigation  was  conducted  into  the  properties  of  earth 
electrode  systems  over  a  frequency  range  covering  the  NEMP  type 
lightning  (rise  times  faster  than  2  microseconds)  power  spectrum. 
Since  this  power  spectrum  extends  well  into  the  VHF  region,  con¬ 
ventional  lew  frequency  (less  than  100  Hz)  and  historic  impulse 
measurement  techniques  were  not  adequate  to  describe  the  electrode 
system's  response  to  NEMP  type  lightning.  Therefore,  initial 
emphasis  was  placed  on  the  development  of  a  measurement  technique 
that  could  be  used  to  both:  (1)  Assess  the  performance  of  a  given 
ground  electrode;  and  (2)  conduct  a  site  survey  to  determine  the 
best  location  for  ground  electrodes.  Then  the  technique  was  used 
to  evaluate  the  performance  of  various  common  ground  electrode 
configurations  (the  subject  of  a  companion  paper  to  be  published 
at  a  later  date) . 


THE  RESPONSE  OF  AN  EARTH  ELECTRODE  to  an  NEMP  type 
lightning  pulse  is  determined  by  the  properties  of 
the  soil  and  the  electrical  characteristics  of  the 
particular  electrode  system  geometrical 
configuration.  Thus,  the  first  step  in 
establishing  an  adequate  ground  is  to  determine 
the  dielectric  properties  (conductivity, 
permittivity,  and  permeability)  of  the  soil. 
(This  step  is  important  because  it  dictates  the 
geometrical  configuration  (i.e.,  number  of  ground 
rods,  method  of  interconnection,  etc.)  required  to 
establish  a  good  ground  in  a  given  area.) 

Historically,  soil  parameter  identification 
started  with  a  laboratory  analysis  of  soil  samples 
and  then  moved  to  sophisticated  on-site  analyses 
of  the  soils  and  underlying  strata  at  the  planned 
location.  Recent  advances  in  on-site  techniques 
have  been  made.  One  of  these,  the  Resonant  Linear 
Antenna  Method  [1 ]  appears  to  be  the  most  suitable 
for  NEMP  type  lightning  grounding  studies,  (The 
method  is  accurate  over  a  broad  frequency  range, 
is  easily  transportable,  and  is  generally  in  use 
by  geophysicists  for  geological  surveying.)  From 
the  input  admittance  and  the  geometry  of  a  probe 
antenna,  the  soil  parameters  can  be  calculated. 
This  method  requires  only  a  resonant  monopole 
antenna,  a  signal  source  covering  the  desired 
frequency  range,  and  a  display  device  complete 
with  necessary  coaxial  voltage  and  current  probes. 
An  adaption  of  this  technique  was  employed  to 
examine  the  behavior  of  selected  earth  electrodes 
up  to  frequencies  reflective  of  fast  risetime 
responses  applicable  to  NEMP  type  lightning 
waveforms . 

The  grounding  of  power  circuits  (25-60  He) 
and  grounding  for  lightning  protection  (impulse) 
is  the  primary  concern  for  structures  and  power 
lines.  Thus,  many  studies  were  performed  to 
determine  the  volt-ampere  characteristics  of  a 
driven  ground  rod  using  direct  current  or  low 
frequency  (  <  100  He)  alternating  current 
instruments  to  determine  power  frequency 
properties  £2  ].  Impulse  generators  were  used  to 
determine  the  response  to  lightning  strokes  [3]. 


The  typical  impulse  generator  was  capable  of 
producing  50  KV  and  800  A  with  a  1  to  2  microsecond 
rise  time.  From  these  tests,  a  resistive, 
inductive  and  capacitive  (RLC)  model  of  a  ground 
rod  was  developed  [A]  (Figure  1)  that  reflected 
the  geometry  of  the  rod,  the  soil  parameters,  and 

the  climatic  conditions  at  the  time  of  the  test. 

Within  the  last  several  years  lightning 
pulses  faster  than  the  traditional  2  microsecond 
rise  time  have  been  recorded  [5].  Thus, 
development  of  a  new  technique  for  measuring 
ground  electrode  impedances  at  these  extended 
frequencies  was  necessary.  After  careful 
consideration  of  existing  instrumentation 
capabilities,  it  was  determined  that  a  technique 
could  be  devised  to  display  the  response  of  an 
electrode  system  up  to  500  MHz  which  covers  the 
NEMP  type  lightning  and  much  of  the  NEMP  spectrum 
(Figure  2).  Three  different  measurement 
techniques  must  be  used  to  cover  the  entire 
frequncy  range  from  DC  up  to  500  MHz.  The 
frequency  ranges  covered  by  each  are:  (1)  low  (DC 
to  100  Hertz),  (2)  medium  (100  Hz  to  500  KHz),  and 
(3)  high  (500  Hz  to  50  KHz).  The  design  and 
construction  of  a  standardized  test  probe  along 
with  a  description  of  tha  teat  techniques  for 
these  three  frequency  regions  are  discussed  in  the 
next  sections. 

STANDARD  TEST  FBOBK 

A  rod  of  1.25  cm  (0.5  inches)  in  diameter  and 
81  cm  (32  inches)  in  length  was  chosen  for  the 
standard  test  probe.  (Brass  was  used  although 
steel,  copper,  or  any  other  metal  of  sufficient 
strength  is  adequate.)  This  length  is  long  enough 
to  provide  effective  soil  contact  but  not  so  long 
as  to  require  extensive  work  to  place  the  rod  in 
the  ground. 

An  adapter  was  then  constructed  to  interface 
the  ground  rod  to  the  test  instruments  (see  Figure 
3).  The  adapter  consists  of  a  tapered  coaxial  line 
transition  with  a  male  type  N  connector  on  the 
top.  The  taper  maintains  50  ohms  impedance  down 
to  the  point  of  attachment  to  the  rod.  (The 
impedance  characteristics  of  the  connector  from 
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0.5  to  5C0  MHz  are  shown  in  Figure  4.)  The  adapter 
is  fastened  to  the  ground  rod  via  a  threaded 
connection. 

HIGH  FRKQPBBCT  MAgpgPgWTS 


The  high  frequency  impedance  characteristics 
of  the  test  probe  were  measured  with  the  aid  of  a 
General  Radio  1710  RF  Network  Analyser.  The 
analyser  was  connected  to  the  type  N  connector  as 
shown  in  Figure  3,  calibrated  (Figure  5),  and  an 
impedance  plot  of  the  probe  in  earth  was  photo¬ 
graphed  (see  Figure  6).  It  is  noted  that  there  is 
a  great  deal  of  ringing  associated  with  both  the 
magnitude  and  phase  of  the  rod  impedance.  The 
ringing  is  due  to  the  non-uniform  imaging  of  the 
rod  with  the  soil,  the  inductance  and  capacitance 
of  the  test  leads  to  earth,  and  the  standing  waves 
at  the  surface  [6],  By  increasing  the  reference 
plane  area  of  the  probe,  the  standing  waves  and 
reflections  were  reduced,  yielding  a  more 
acceptable  plot  of  the  ground  rod  impedance.  The 
reference  plane  area  was  increased  by  attaching 
auxiliary  grounds  and  an  aluminum  plate  to  the 
test  connector  shield  (see  Figure  7).  A  series  of 
plots,  Figures  B  to  13,  were  taken  with  different 
auxiliary  grounds.  The  figures  reveal  that  the 
rod  impedance  ringing  decreased  and  displayed  an 
overall  capacitive  nature  at  high  frequencies  as 
expected.  These  results  indicated  that  this 
approach  can  be  used  to  determine  the  impedance  of 
the  reference  probe  up  to  frequencies  of  500  MHz, 
From  tb^'s  impedance  characteristic,  determination 
of  the  equivalent  circuit  of  the  probe  can  be  guide 
[7]. 

A  computer  run  was  made  to  calculate  the 
input  impedance  of  the  equivalent  circuit  (Figure 
l)  with  the  test  rod  geometry  and  soil  conditions 
of  the  particular  test  ares.  The  input  impedance 
of  the  ground  rod  equivalent  circuit  is  given  by: 

Z  - -  (1) 

h  *  ZC 


where 

■  R  +  j  to  L 
2C‘^- 

juc 

p  2 1 

&  ■  — In  -  ohms 

2*1  a 

L  -  21  ln-^L-  io"7  H 

a 

e  1  10~9  F 

u  21n  21  9 

1  ■  length  of  rod 

a  ■  radius  of  tod 

P  -  97.67  H  m 

10  <  er  <  13 

A  graph  of  the  results  is  shown  on  Figure  14.  For 
this  second  order  system,  the  resonant  frequency 
is  approximately  15  MHz.  The  response  of  the 
final  test  configuration  (Figure  13)  reveals  a 
resonance  around  8  to  9  MHz  with  ringing  from  100 
to  500  MHz. 

IQ W  FREQUENCY  MCABORBUTB 

The  impedance  of  an  earth  electrode  at  low 
frequencies  is  dominated  by  the  properties  of  the 
soil.  Analytically  the  resistance  of  a  ground  rod 
can  be  determined  if  the  aoil  resistivity,  P  ,  and 
the  rod  geometry  are  known,  i.e., 


R  “  In  “  ohm  (2) 

where  1  “  length  of  the  rod  and  a  “  ita  radius. 

Experimentally  the  ground  rod  resistance  waa 
accurately  measured  by  the  Fsll-of-Potential 
Method  (see  Figure  15)  [8}  This  is  a  simple 
voltage  drop  meaeurement  relating  the  currant 
injected  to  the  resistance  of  the  ground  rod. 
(The  injected  current  usually  has  a  frequency  of 
70  to  100  Hz  so  a*  not  to  be  confuted  with  stray  60 
Hz  ground  currente.)  The  ground  rod  resistance 
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was  found  oy  recording  the  resistance  on  a  Biddle 
Meggar-Earth  Tester  as  distance,  d  (distance 
between  the  ground  rod  and  probe  C^) ,  was  varied. 
The  potential  probe,  Pj,  must  be  pieced  62Z  f  d, 
between  the  ground  rod  and  probe  C j.  By  using 
this  method  a  plot  was  made  of  ground  rod 
resistance  versus  separation  distance,  d  (see 
Figure  16).  From  this  graph  the  test  ground  rod 
resistance  was  determined  to  be  107  ohms. 

The  four  probe  technique  can  also  be  used  to 
find  soil  resistivity,  P  .  The  resistivity  of  the 
soil  at  the  test  site  was  measured  using  the  test 
setup  shown  in  Figure  17.  This  resistivity  was 
determined  to  be  97.67  ohm-meter.  With  this 
resistivity,  the  resistance  of  the  ground  rod 
should  be  98.6  ohms,  which  is  within 
10X  of  the  Fall-of-Potential  Method.  (This  result 
is  considered  to  represent  reasonable  accuracy, 
given  the  high  degree  of  dependence  of  the  tests 
on  environmental  conditions.) 

H1P-FKKQPCTCT  HKASURKHKWT8 

The  mid-frequency  range,  100  Hr  to  500  KHz, 
impedance  measurement  proved  to  be  the  most 
difficult  to  obtain  because  of  instrumentation 
limitations.  Most  off-the-shelf  impedance 
measuring  devices  require  that  the  object  of  the 
test  not  be  grounded.  (Specifically  the  HP  4B00A 
Vector  Impedance  Meter  has  "DO  HOT  GROUND"  printed 
under  the  input  terminals.)  Therefore,  measuring 
the  impedance  of  a  grounded  rod  proved  impossible 
with  this  type  of  instrument. 

An  approach  was  developed  which  relied 
strictly  on  network  theory  and  the  fact  that  the 
magnitude  of  the  impedance  is  equal  to  the  ratio 
of  the  magnitude  of  the  voltage  across  and  the 
current  through  the  red.  Several  attempts  were 
made  to  obtain  a  suitable  measurement.  Since  most 
oscilloscopes  use  "ground"  as  a  reference  and  have 
a  high  impedance  input,  there  was  no  problem  with 
making  voltage  measurements  on  the  source  end  of 
the  ground  rod.  A  problem  arose  in  trying  to 

*Jam«is  G.  Biddle  Co.,  Plymouth  Meeting,  PA  19462 


measure  the  current  into  the  ground  rod,  however. 
The  first  approach  was  to  measure  the  voltage  drop 
across  a  one  ohm  resistor  in  series  with  the 
ground  tod.  Problems  were  encountered  when  the 
oscilloscope  probe  shield  was  connected  to  the 
terminal  of  the  resistor  thereby  adding  another 
"ground"  to  the  circuit.  Attempts  were  made  to 
isolate  the  oscilloscope  from  ground,  but  this 
only  served  to  increase  the  noise  in  the 
measurement.  Obviously,  a  method  of  measuring  the 
current  was  needed  which  would  provide  isolation 
from  ground  and  provide  noise  rejection. 

An  HP  current  probe  and  amplifier  provided 
just  such  a  solution  (see  Figure  18).  This  test 
setup  worked  well  in  measuring  the  ground  rod 
impedance  over  the  mid-frequency  range.  The 
results  match  the  low  and  high  frequency  impedance 
measurement  of  the  rod  and  allowed  measurements  of 
impedance  over  the  low  end  of  the  HEMP  type 
lightning  spectrum.  Figure  19  is  a  plot  of  the 
teat  probe  iaq>edance  to  ground  using  the  mid¬ 
frequency  setup.  The  highest  frequencies  are 
compared  to  the  high  frequency  test  and  the 
results  are  within  the  measurement  error. 

The  test  procedure  consisted  of  varying  the 
frequency  of  the  HP  65 1A  Test  Oscillator,  while 
maintaining  constant  output  voltage,  and 
measuring  the  voltage  at  the  terminal  of  the 
ground  rod  and  the  current  through  the  lead  to  the 
ground  rod.  The  test  probe  configuration  was  the 
same  as  for  the  high  frequency  measurements 
technique.  The  ground  plate  and  auxiliary  ground 
points  were  used  to  provide  an  effective  reference 
contact  with  the  soil. 

8W9IAM 

This  research  has  demonstrated  how  difficult 
it  is  to  predict  and  measure  the  high  frequency 
characteristics  of  a  ground  electrode.  Without 
the  aid  of  a  network  analyzer  the  iaq>£dance  of  a 
ground  electrode  is  hard  to  measure  at  high 
frequency.  The  impedance  *fill  vary  greatly  with 
the  parameters  of  the  soil  and  the  environmental 
conditions.  At  high  frequencies  the  coupling  mode 


for  the  earth  electrode  ia  capacitive,  therefore, 
the  contact  area  at  the  ground  aurface  should  be 
as  large  aa  possible  (relative  geometric  isean 
area)  to  dissipate  any  transient  energy. 
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Fig.  9  -  lapadanca  of  ground  rod  and  two  auxiliary 
grounds . 
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Fig.  10  -  Iapadance  of  ground  rod  and  thraa  auxil¬ 
iary  groiunda. 
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Fig.  11  -  Xapadanca  of  ground  rod  and  four  auxil 
iary  ground*. 
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Fig.  12  -  Impedance  of  ground  rod,  four  auxiliary 
ground*,  and  an  aluminum  gournd  plate. 
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Fig.  13  -  Impedance  of  ground  rod,  four  auxiliary 
ground*,  and  a  buried  aluminum  ground  plat*. 


Fig.  15  -  Tint  setup  for  low  frequency  measure¬ 
ment*. 
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Fig.  17  -  Soil  resistivity  measurement  setup 
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Fig.  19  -  Mid-frequency  ground  electrode  impedance 
behavior. 
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ABSTRACT  j 

In  1980,  Warren  R.  Jonaa,  IEEE,  published  a  paper  on  the  use  of 
Bentonite  (well  drillers  mud)  when  Installing  vertical  ground  rods.  This 
concept  has  now  been  developed  to  use  copper  tubing  In  a  lateral  trench 
(radial  type  ground)  that  has  been  backfilled  with  layers  of  Bentonite. 

In  the  case  of  mountain  top  sites,  it  is  usually  poealbla,  with  machinery, 
to  obtain  a  trench  that  is  200  am  (8  in.)  to  600  am  (24  in.)  deep.  In 
fact,  32  sites  in  the  Utah  state  radio  systesi  are  now  using  this  grounding 
method.  Several  of  thase  sites  are  over  3460  H  (11,  350  ft.)  and  are 
difficult  to  ground  by  any  method,  but  during  the  past  two  a  masers,  they 
have  been  successful  in  getting  a  backhoe  and  dry  Bentonite  to  these 
locations.  In. addition  to  tits  radial  ground.  Metal  Oxide  Varistors  (MOV), 
blpo  ar  seners  and  coax  tee's'  (with  protectors)  are  used  to  complete  the 
protective  scheme. 


MARK  TWAIN  IS  QUOTED  (1)*  AS  SAYING: 

“A  prodigious  storm  of  thunder  and  lightning, 
accompanied  by  a  deluging  rain  that  turned  the 
streets  and  lanes  into  rivers,  caused  me  to  repent 
and  resolve  to  lead  a  better  life.  I  can  remember 
those  awful  thunder-bursts  and  the  white  glars  of 
the  lightning  yet  and  the  wild  lashing  ot  the  rain 
against  the  windowpanes....With  every  glare  of 
lightning  I  shriveled  and  shrank  together  in  mortal 
terror,  and  in  the  interval  of  black  darkness  that 
followed  1  poured  out  my  lamentings  over  my  lost 
condition,  and  my  supplications  for  just  one  more 
chance,  with  an  energy  and  feeling  of  sincerity 
quite  foreign  to  my  nature.  But  in  the  morning  I 
saw  that  it  was  a  false  alarm  and  concluded  to 
resume  business  at  the  old  stand  and  wait  for 
another  reminder."  Unfortunately,  this  attitude  of 
wait  and  seo  if  it  happens  again  still  persists 
among  radio  maintenance  and  installation 
jwrsonnel  today. 

In  January  of  1981,  the  entire  state  of  Utah 
experienced  a  5  hour  power  outage  precipitated 
by  a  network  fluke.  The  state  radio  system  switch¬ 
ed  to  emergency  power  smoothly  and  continued  to 
operate  during  the  outage  with  only  a  few 
problems  reported.  The  key  stations  m  the  com¬ 
mercial  Emergency  Broadcast  System  BBS  also 
came  back  on  the  air  within  minutes  through  use  of 
emergency  generators.  The  real  trouble  began 
when  network  power  was  being  restored-voltage 
and  frequency  instability  caused  several 
microwave  sites  to  fail. 

The  Utah  office  of  Comprehensive  Emergency 
Management  knew  that  the  Federal  Emergency 
Management  Agency  (FEMA)  had  been  actively 
engaged  in  Electromagnetic  Pulse  (BMP]  mitigation 
for  the  past  10  years.  These  efforts  had  been 
confined  to  selected  commercial  radio  stations  and 
Emergency  Operating  Centers  (EOC's)  designed  to 
maintain  continuity  of  government  during 
disasters.  The  EMP  protective  system  developed 
by  FEMA  also  provides  superior  lightning  protec¬ 
tion  for  critical  electronics  equipment.  The  Utah 
emergency  planners  also  recognized  that  a 
reliable  state  radio  network  is  essential  to  their 
functions  during  all  types  of  disasters.  With  the 
spectre  of  the  power  outage  as  motivation  to  over¬ 
ride  the  Mark  Twain  syndrome,  a  project  asking 
for  technical  assistance  in  improving  reliability  of 
the  state  radio  network  was  submitted  to  the 
FEMA  regional  office  in  Denver,  Co. 

SITE  SURVEYS  AND  TRAINING 

The  assistance  from  FEMA  started  with  site 
surveys  to  determine  what  equipment  was  install- 

*Numbers  in  parentheses  designate  references  at 
the  end  of  the  paper. 


ed,  what  type  station  ground  was  in  ubo  and  to 
determine  soil  conditions  on  typical  mountain  top- 
sites.  Two  seminars  were  held  with  state  radio 
maintenance  *  personnel  where  sito  survey  techni¬ 
ques  were  discussed  along  with  ground  and  pro¬ 
tector  installation  methods.  Following  the  system 
survey,  a  consolidated  bill  of  materials  was 
developed  end  all  parts  placed  on  order. 

STATION  GROUND  STILL  A  PROBLEM  -The 
typical  mountain  top  radio  site  has  always 
presented  a  grounding  problem  and  the  Utah  sites 
(some  above  3460  M-l  1,352  ft.)  were  no  exception. 
Fortunately,  an  article  (2)  which  appeared  in  IEEE 
Transactions  in  1980  held  the  solution.  This  article 
advocated  the  use  of  Bentonite  (well  drillers  mud) 
as  a  superior  backfill  for  vertically  installed 
ground  rods  and  noted  resistance  reductions  of 
36%  when  compared  to  driven  rods  of  similar 
dimensions. 

ADAPTATION  TO  MOUNTAIN  TOPS  -  The 
original  proposal  cited  (2)  was  that  a  power  auger, 
such  as  used  by  utility  companies,  could  go 
through  almost  any  type  of  soil  or  rock  and  a 
ground  rod  could  be  cantered  in  the  bole  and  then 
backfilled  with  Bentonite.  This  technique  is 
excellent  for  rods  of  up  to  3.048  meters  (10  feet) 
but  is  impossible  for  longer,  low  resistance,  radial 
type  grounding  systems  which  rely  on  large 
surface  areas  in  contact  with  the  soil.  For  moun¬ 
tain  top  sites,  a  narrow  bucket  backhoe  is  used  to 
dig  a  200mm  (8  in.)  to  600mm  (24  in.)  deep  trench 
from  the  radio  tower  base  to  accomodate  19mm 
(3/4  in.)  copper  tubing  about  15.24  meters  (50  feet) 
in  length.  Where  terrain  permits,  three  such 
trenches  are  opened  with  approximately  15 
degree  separation  as  they  branch  from  the  tower 
base.  In  one  case  it  has  been  necessary  to  open  one 
trench  approximately  61  meters  (200  feet)  long  to 
accomodate  multiple  users  and  to  obtain  maximum 
contact  with  the  soil.  Following  excavation,  dry 
Bentonite  (typically  a  44ram-l  ‘/*  in.  layer)  is  placed 
in  the  trench  followed  by  the  copper  tubing  which 
is  covered  with  another  thin  layer  of  Bentonite  and 
topped  with  excavated  soil.  Caution  is  urged  when 
using  Bentonite  under  areas  that  will  ultimately  be 
paved  as  it  can  expand  to  several  times  the  dry 
volume  when  saturated. 

BRAZING  RECOMMENDED  FOR  CONNECTIONS 
-Where  the  pieces  of  tubing  come  together,  they 
are  flattened  and  brazed  (Fig.  1)  along  with  the 
runs  of  heavy  copper  wire  to  the  tower  base  and 
station  (equipment)  ground,  Bentonite  (Fig.  2)  is 
also  used  in  and  around  the  connection  point.  In 
addition  to  the  hydration  property  of  Bentonite,  it 
is  highly  conductive  and  noncorrosive.  The 
purpose  of  the  brazing  is  to  assure  a  strong,  low 
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impedance  connection  and  by  enclosing  it  in  a 
noncorrosive  environment,  long  life  is  assured. 

EQUIPMENT  PROTECTION 

With  a  low  impedance  ground  in  place  the 
next  step  toward  improved  pulse  protection  and 
subsequent  improved  equipment  reliability  is  to 
install  protective  devices.  These  include  Metal 
Oxide  Varistor’s  (MOV’s)  bi-poler  genera  and  coax 
connectors  with  integral  solid  state  surge 
arresters.  A  typical  site  layout  (Fig.  3)  shows 
equipment  and  antennas  in  the  microwave  and 
VHF  bands.  Radio  maintenance  personnel  were 
also  instructed  to  ground  the  outer  sheath  of  all 
coax  cables  at  least  2  meters  (6.5  feet)  prior  to 
connection  to  radio  equipment.  In  most  cases  this 
requirement  was  met  at  the  grounded  plate  where 
the  coax  "T”  with  integral  surge  protector  was 
installed.  Due  to  antenna  design,  the  center 
conductor  of  thn  microwave  feed  coax  is  relatively 
immune  to  transients  so  microwave  protection  is 
limited  to  grounding  of  the  outer  sheath  as 
previously  described  and  protecting  the  power 
feed  with  MOV’s.  In  addition,  individual  dc  power 
supplies  were  protected  with  bi-polar  reners.  Very 
few  of  the  Utah  sites  have  cable  pairs  to  the  site 
but  where  these  do  exist,  communications  gas 
gaps  ore  installed. 

ANALYSIS  AND  TESTING 

Testing  of  these  grounds  by  the  remote  ground 
rod  method  is  not  practical  since  the  test  rods  can¬ 
not  be  placed  but  the  relationship  given  by  Warren 
R.  Jones.  (2)  provides  insight  as  to  results  expected 
and  achieved  to  date.  The  relationship  is: 

ftaJjr  R  «  RarMoww  of  rad  to  rwnot*  (round 

p  -  Soil  RaaMMty 
A  «  8uriaoa  btm  of  Rod 

The  increased  surface  area  by  using  copper  tubing 
is  obvious  and  the  use  of  low  resistivity  Bentonite 
further  enhances  the  ground  effectiveness  in  soils 
over  100  ohms-meter.  The  use  of  a  radial  type 
ground  and  selection  of  protectors  is  based  on 
FEMA  (3)  documents  concerning  BMP  protection 
of  command  and  control  functions  for  government 
installations. 

CONCLUSIONS 

It  is  still  too  early  to  fully  assess  the 
improvements  in  reliability,  but  the  inherent 
qualities  of  Bentonite  leave  little  doubt  that  for  the 
first  time,  mountaintop  radio  equipment  has  a 
superior  ground  that  is  far  easier  to  install  and 
maintain  than  the  doubtful  technique  of  driven 
rods  in  loose  rock.  The  Utah  Department  of  Public 
Safety  has  already  documented  considerable 
reduction  in  the  effects  of  lightning  on  the 
completed  sites  and  to  their  surprise,  a  reduction 


or  elimination  of  intermodulation  and  Radio 
Frequency  Interference  (RFI).  Their  next  step  in 
improving  their  lightning  protection  will  be  to  ex¬ 
tend  tower  steel  approximately  2  meters  (6.5  feet) 
above  the  tallest  antenna.  (Fig.  3).  It  has  baen 
confirmed  that  the  radio  maintenance  personnel 
have  been  making  fev  er  trips  to  protected  sites  for 
repair  or  equipment  replacement. 
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FIG.  1  -  Method  of  brazing  copper  tubing  at 
common  point. 


FIG.  2  -  Application  of  Bentonite  following  brazing 
of  common  point. 


FIG.  3  -  Typical  radio  equipment  building  and 
antenna  structure, 
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ABSTRACT 

— >-The  results  of  many  years  research 
of  the  electrical  resistivity  change  of 
concrete  in  conection  with  different 
grounding  are  presented.  The  exi&inati- 
ons  jure  made  under  different  conditions 
of  moisture  and  combinations  of  electro¬ 
des  .  Even  for  a  long  period  of  timej  the 

concrete  electrical  resistivity  increa- 

/!•  , 

Sis  permanently.  The  electriaal  resis¬ 
tivity  increasing  of  conarete  at  founda¬ 
tion  earth  aould  lead  to  decreasing  of 
the  effectivity  of  the  grounding  system. 
Also,  in  industries/' where  static  elect¬ 
ricity  appears,  increasing  resistivity 
of  aoncrete  floors  could  Jjave  ^influence 
_in^the  technological  processes. 
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USE  OF  CONCRETE,  in  conection  with  elec¬ 
triaal  current,  every  day  is  more  and 
more  frequent.  Electriaal  demands  from 
the  concrete,  in  general,,  are  quite  opo- 
site.  On  one  hand  concrete  should  have 
a  high  resistivity,  when  used  as  isola¬ 
tor,  for  example  for  concrete  crossties, 
since  this  resistivity  affects  the  ope¬ 
ration  of  railroad  signal  systems.  On  the 
other  hand  concrete  should  have  low  re¬ 
sistivity  in  cases  where  the  concrete 
is  applied  in  grounding  for  example  in 
foundation  earth. 

Foundation  earth  results  as  conse¬ 
quence  from:  1°  using  more  and  more  rei¬ 
nforced  concrete  i.e.  using  the  metal 


in  the  objects,  2°  the  objects  closenes 
in  the  setlled  places  and  3°  plastic  re- 
placing  the  metal  in  the  water  and  other  i£» 
installations  used  as  an  additional  ear¬ 
th  electrodes  before. 

Recently,  very  often  foundation  ear¬ 
th  is  in  use.  According  to  the  Codes  of 
many  countries  concrete  foundation  pro¬ 
vided  with  the  steel  reinforcement  or 
with  a  conductor  embeded  in  the  aoncrete 
can  be  used  as  an  earth  termination.  The 
advantages  of  reinforced  concrete  foun¬ 
dation  are:  1°  it  is  cheap  to  install 
during  building  constraction,  2°  it  is 
free  from  intesive  corrossion  and  3°  it 
bindB  all  art  of  grounding  together  i.e. 
it  makes  potential  equalising.  The  long 
conductors  in  the  aoncrete  i.e.  a  large 
dimensions  of  foundation  earth  which  is 
in  moist  soil  should  ensure  low  resista¬ 
nce  of  earthing.  But  the  reports  about 
electrical  resistivity  of  concrete  are 
incomplet  and  contradictory  what  makes 
this  matter  unblear. 

Unlike  from  electrical,  the  mecha¬ 
nical  properties  of  concrete  are  well 
known.  "It  is  considered  that  the  conc¬ 
rete  matures  for  about  one  month,  and 
all  examinations  of  strenght  of  concre¬ 
te  performs  at  the  28-th  day  of  its  age." 

Fig. l  shows  strenght  of  concrete  for 
a  period  of  five  years  (D*.  The  main 

*  Numbers  in  parentheses  designate  Re¬ 
ferences  at  end  of  paper. 
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increasing  is  for  the  first  month.  Pro¬ 
bably  the  mechanical  mature  of  concrete 

v* 

for  one  month,  influenced  an  short  term 
electrical  investigation  of  concrete. 
But  the  electrical  properties  doas  not 
follow  the  mechanical  properties. 

To  make  this  question  clear,  aut¬ 
hor  started  to  investigate  the  time  de¬ 
pendence  of  electrical  resistivity  of 
the  concrete.  Investigations  took  more 
the  four  years  and  are  steel  in  the  co¬ 
urse  of. 


1  7  28  3  1  5 

days  month  years 

time 


Fig.  1  -  Strenght  on  pressure- time  cha¬ 
racteristics  for  concrete  from  a)  nor¬ 
mal  cement *  b)  fast-binding  cement  (1) 


cal  behaviour  of  the  concrete  after  lon¬ 
ger  time  is  unknown. 

Concrete  is  a  system  of  nonconduc- 
tiva  particles  of  sand  or  gravel  embeded 
in  a  conductive  cement  paste.  The  resis¬ 
tance  of  such  a  composition  in  general 
depends  from  cement  paste.  The  concrete 
has  greater  resistance  than  the  cement 
paste  becouse  the  current  has  now  longer 
way  between  particles  of  agregat  and  sma¬ 
ller  cross-section  of  this  way.  Fig.  2 
showes  curves  the  resistivities  in  func¬ 
tion  of  time  for  the  concrete  and  cement 
paste.  The  measuring  of  resistivities  we¬ 
re  after  periods  of  7,  28  and  90  days. 

The  increasing  of  resistivity  were  expl¬ 
ains  as  effect  of  continous  moist  sto¬ 
rage  (4) . 


Fig.  2  -  Effect  of  concrete  moist  sto¬ 
rage  (4) 


From  the  plenty  of  results  heir 
would  be  given  some. the  most  important 
ones  without  comments.  Some  reports  abo¬ 
ut  this  investigations  are  olready  pre¬ 
sented  (2,3). 

ELECTRICAL  PROPERTIES  OF  CONCRETE 

In  this  part  would  be  given  short 
data  about  electrical  properties  of  con¬ 
crete  which  are  given  in  literature  and 
got  by  systematic  investigation.  Inves¬ 
tigation  the  resistivity  of  the  concre¬ 
te  in  past  was  short-dated.  The  electri¬ 


MTha  electrical  conductance  of  set 
cement  paste  and  concrete  stored  under 
constant  conditions  generally  decreases 
with  age,  at  least  during  the  first  few 
months.  However,  the  moiBture  plays  an 
essential  part  in  the  decrease  in  condu¬ 
ctivity.  The  specific  resistance  of  con¬ 
crete,  cured  in  water  for  three  months, 
may  be  lass  than  IQ2  ohms-m,  whereas  the 
volume  resistivity  of  well-dreid  concre- 

Q 

te  may  attain  a  value  of  10  ohms-m  at 
about  the  same  ageN  (5) . 

Fresh  cement  paste  and  concrete  are 


conductors  with  negative  temperature  co- 
eficient  as  the  electrolyte.  The  resis¬ 
tance  of  hardened  cement  paste  and  con¬ 
crete  is  less  dependent  on  the  tempera¬ 
ture. 

Water-cement  ratio  (w/c)  by  making 
the  aonorete  influences  on  the  electri¬ 
cal  resistivity.  "The  resistivity  of  pa¬ 
ste  having  a  water-cement  ratio  of  0,40 
was  about  double  that  of  past  having  a 
ratio  0.60M  (4) . 

Table  1  -  Effect  of  water-cement 


ratio  (4) 


w/c  ratio 

Resistivity, 
7  days  28  days 

ohm-m 

90  days 

0.40 

10.3 

11.7 

15.7 

0.50 

7.9 

8.8 

10.9 

0.60 

5.3 

7.0 

7.6 

LONG-TIME  INVESTIGATION 

TEST  SPECIMEN!  for  eleatriaal  pro¬ 
perties  investigation  of  concrete  con¬ 
sist  from  short  metal  electrodes  arabe-r 
ded  in  the  conarete  whioh  is  using  for 
foundation.  The  electrodes  are:  1°  from 
zinc  coated  steel  bands  Un-electrodes) , 
cross-section  area  25x3  mm2,  2°  from 
steel  rods  for  the  conarete  reinforce¬ 
ment,  diameter  6  mm  (Fe-eleatrodes)  and 
3°  from  copper  bands  area  20x0,6  mm2 
(Cu-electrodes) .  All  electrodes  have 
the  same  length  of  100  mm.  The  specime- 
nts  are  the  concrete  blocks  with  elect¬ 
rodes  in  pairs  on  the  same  distance  of 
20  mm  under  different  conditions.  The 
first  block  with  two  pairs  of  Zn  elec¬ 
trodes  is  settled  in  wet  soil  as  foun¬ 
dation  (wet  speciment) .  Second  block  is 
the  same  as  the  first  but  in  the  dry  air 
what  corresponds  to  the  concrete  colum- 
nes  and  the  other  concrete  constructi¬ 
ons  on  the  buildings  (dry  speciment) . 

The  next  block  with  the  pairs  of  Zn,  Fe 


and  Cu  electrodes  was  1/3  in  the  water 
for  the  first  56  days  and  than  is  pulled 
out  and  dried  in  the  air  (wet-dry  speci¬ 
ment)  .  They  are  15  measuring  pairs  of 
electrodes  in  concrete  blocks  under  di¬ 
fferent  conditions. 

RESULTS  OF  MEASURING.  Measurements 
on  concrete  speciments  are  performed 
with  direct  and  alternatic  current.  Di¬ 
rect  current  used  to  see  phenomenon  and 
influence  of  polarization  potential  be- 
couse  special  the  fresh  concrete  beha¬ 
ves  as  an  electrolyte.  To  avoid  the  po¬ 
larization  ef feats,  for  resistance  mea¬ 
suring  alternating  aurrent  is  used. 


Fig.  3  -  Resistance  -  time  characteris¬ 
tics  of  concrete  spaciments  a)  wet  con¬ 
crete,  b)  dry  concrete,  c)  wet-dry  con¬ 
crete 

Fig.  3  shows  the  curves  resistance 
changing  in  function  of  time:  1°  between 
electrodes  in  a  wet  concrete,  which  is 
in  a  moist  soil  (measuring  place  N2  4) , 
2°  between  electrodes  in  wet-dry  conc¬ 
rete  (measuring  place  N2  8)  and  3°  bet¬ 
ween  electrodes  in  dry  concrete  (measu¬ 
ring  plaoe  N2  6) .  The  conarete  is  same 
and  the  electrodes  configuration  are 
also  the  same  in  speciments.  The  resis¬ 
tance  increasing  of  concrete  in  functi- 


on  o£  age  is  evident  in  all  cases.  Curves 
of  electrical  resistivity  and  mechanical 
strenght  are  total  different  (Fig.  1  and 
Fig.  3) .  Increasing  the  concrete  resist¬ 
ance  in  moist  soil  is  in  four  years  abo¬ 
ut  300  times  fxou  the  begining  of  measu¬ 
rement.  Increasing  the  resistance  in  dry 
concrete  is  about  milion  times.  On  the 
last,  humidity  of  air  has  big  influence. 

The  resistance  jump  in  wet-dry  spa- 
cement  on  56-th  day  shows  the  influence 
of  the  current  way  trough  the  water.  On 
the  56-th  day  the  wet-dray  speciment  is 
pulled  from  the  water. 

Now,  it  should  be  mentioned  some 
interesting  observations . 

The  spaciments  with  measuring  pla¬ 
ces  N-  6  (dry)  and  8  (wet-dry)  had 
have  the  same  resistance  when  on  665-th 
day  had  been  exposed  to  water  in  dura¬ 
tion  of  15  min.  The  resistances  had  ra¬ 
pidly  fell  of  to  11  kohms.  With  draying 
on  air  faster  increased  resistance  in 
spaciment  who  was  dry.  The  increasing 
of  resistance  for  both  spaciments  are 
given  in  table  2. 

Table  2  -  Increasing  of  resistance 
t (days)  1  4  7  11 

Spec.  N-  6  11  280  550  950  kohms 

Spec.  Ns  8  11  93  124  180  kohms 

It  would  be  considered  the  case  of 
two  pairs  of  electrodes  in  block  wet- 
-dry.  One  pair  from  the  zinc  coated  st¬ 
eel  bands  25  mm  wide  (Zn)  and  the  other 
from  concrete  reinforced  steel  diameter 
of  6  mm  (Fa).  Distance  between  the  elec¬ 
trodes  for  the  both  pairs  is  the  same. 
Naturally,  becouse  of  greater  cross-sec¬ 
tion  area  the  first  pair  had  ldwer  resi¬ 
stance  then  other.  Some  days  affter  pu¬ 
lling  out  the  block  from  the  water,  as 
is  shown  on  Fig.  4,  the  situation  was 
changed.  Trough  the  drying,  the  resis- 


Fig.  4  -  Resistance  -  time  characteris¬ 
tics  of  wet-dry  concrete  speciment 

tance  between  zinc  coated  bands  was  gre¬ 
ater  than  between  the  steel  electrodes. 
This  was  not  expeated  becouse  the  cross- 
-section  through  concrete  between  25  mm 
wide  bands  is  much  greater  then  between 
thiner  6  mm  steel  rods.  The  behaving  is 
as  the  effective  diameter  of  steel  rods 
are  Increased. 

Some  times  the  dry  block  was  wett¬ 
ing  for  some  minutes,  what  should  simu¬ 
late  rain.  In  this  cases  resistance  bet¬ 
ween  electrodes  was  rapidly  foiling.  With 
drying  resistance  was  fast  increasing.  In 
comparing  with  the  permanent  wet  concre¬ 
te,  the  resistance  just  affter  wetting 
the  dry  spacament  was  greater,  but  only 
during  the  period  of  nearly  four  years. 
After  four  years  such  a  measuring  repea¬ 
ted.  Now  the  resistance  on  wetted  dry 
block  was  19  kohm  compared  with  30  kohm 
on  the  permanent  wet  blok.  Probably  this 
greater  resistance  on  permanent  wet  con¬ 
crete  is  result  of  the  salts  rinsing 
from  concrete  in  permanent  presence  of 
water. 

SUMMARY 

The  first  long-term  electrical  re¬ 
sistivity  investigations  shows  that  the 
concrete  resistivity  increasis  permanen- 
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tly.  The  increasing  of  the  concrete  res¬ 
istivity  is  also  for  the  concrete  which 
is  permanent  in  moist  soil.  The  resist¬ 
ance  increasing  from  the  begining  of  me¬ 
asuring  in  the  time  more  of  the  four  ye¬ 
ars  is:  1°  about  300  times  for  permanent 
wer  concrete  and  2°  about  one  mi lion  ti¬ 
mes  for  dry  concrete. 

The  increasing  concrete  resistivi¬ 
ty  after  long  period  could  have:  1°  con¬ 
siderable  inareasing  of  the  grounding 
resistance  of  the  foundation  earth,  wh¬ 
at  could  lead  to  decreasing  of  the  gro¬ 
unding  system  eff activity  and  2°  the  re¬ 
sistivity  increasing  of  the  concrete 
floors  in  industries  where  static  elec¬ 
tricity  appears,  what  could  lead  to  the 
technological  processes  spoiling  and 
the  speed  reduction  of  the  production. 
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ABSTRACT 

Vo  maintain  hovering  helicopters  at  safe  energy  levels,  a  nonuontaoting 
electrostatic  sensor  is  required  to  accurately  determine  the  voltage  on  the 
aircraft  relative  to  grornra  and  provide  proper  control  date  to  an  active 
discharger  for  neutralising  hazardous  charging  conditions.  Analytical 
modal  studiea  of  a  sphere  suspended  betwaan  two  alactrlfiad  ground  planas 
and  surroundad  by  spdeg  charge  resulted  in  e  theoretical  relationship 
showing  how  obarge nshsity ,  excess  surface  charge,  end  external  electric 
fields  affect  the  voltage  on  the  ephera.  The  electrostatic  trends  predicted 
from  the  theoretical  analysis  were  sufficiently  verified  through  Independent 
large-scale  laboratory  experiments  using  empirical  analysis  techniques. 

Prom  the  theoretical  and  empirical  analyses,  helicopter  charge  equilibrium 
conditions  were  specified,  together  with  e  methodology  for  determining  the 
electrostatic  coefficients  of  full-scale  hovering  helicopters.  The  impli¬ 
cations  of  the  investigative  program  are  that  active  electrostatic  dis¬ 
charger  systems  are  now  feasible  for  helicopter  applications. 

A 


*The  work  described  in  this  paper  is  tha  result  of  a  project  conducted  by 
Southwest  Research  Institute  under  the  support  of  tha  U.S.  Army  Research 
and  Tachnology  Laboratories  (AVKADCQM)  at  Fort  Eustia,  Virginia,  undur 
Contract  No.  DAAK51-79-C-0060. 
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GROUND  PERSONNEL  who  come  lit  contact  with 
cargo  hooks  lowered  from  hovering  helicopters  fre¬ 
quently  suffer  severe  electrical  shock  capable  of  striking  a 
man  down,  injuring  fingertips,  and  splitting  fingernails. 
In  past  years,  considerable  research  effort  has  been  di¬ 
rected  toward  the  development  of  noncontacting  active 
electrostatic  discharger  systems  for  measuring  the  voltage 
buildup  on  helicopters  and  reducing  this  nuisance  prob¬ 
lem  to  within  safe  energy  levels.  Although  electrostatic 
discharger  systems  described  in  the  technical  literature 
[1]*  can  generate  the  necessary  countercharge  for  neu¬ 
tralizing  the  voltage  buildup  on  hovering  aircraft,  defi¬ 
ciencies  in  the  voltage  sensor  require  additional  devel¬ 
opment  work  before  the  voltage  on  the  aircraft  relative  to 
ground  can  be  accurately  measured. 

To  fully  understand  the  nature  of  the  voltage  sen¬ 
sing  problem,  the  helicopter  was  approximated  in  labo¬ 
ratory  model  studies  as  a  sphere  which  was  suspended  in 
space  above  the  ground,  surrounded  by  space  charge, 
and  subjected  to  an  external  electric  field.  Experiments 
were  conducted  using  a  conducting  sphere  in  a  specially 
constructed  electrostatic  test  chamber  where  bound  sur¬ 
face  charge,  surrounding  space  charge,  and  the  external 
electric  field  could  be  varied  independently  to  determine 
the  manner  in  which  each  parameter  affected  the  voltage 
on  the  sphere.  Through  empirical  analysis,  these  labo¬ 
ratory  model  studies  revealed  the  voltage  on  the  sphere  to 
be  a  linear  function  of  the  externally  applied  electric 
field,  surrounding  space  charge,  and  the  excess  surface 
charge  on  the  model.  There  is  a  companion  geometric 
coefficient  associated  with  each  voltage  parameter.  The 
magnitudes  of  the  coefficients  vary  as  a  function  of 
height  above  the  ground.  The  laboratory  model  configu¬ 
ration  was  also  analyzed  through  classical  techniques  by 
solving  Poisson's  equation  in  a  manner  suggested  by 
vSmythe  12],  Excellent  agreement  was  obtained  between 
the  theoretical  results  and  empirical  analysis  of  the  labo¬ 
ratory  data. 

The  results  of  the  investigative  work  into  the  sensor 
problem  show  the  necessary  conditions  for  maintaining 
zero  potential  on  the  helicopter  and  a  method  for  deter¬ 
mining  the  geometric  coefficients  of  full-scale  helicop¬ 
ters.  It  can  be  concluded  that  active  electrostatic 
discharger  systems  are  now  feasible  for  helicopter  appli¬ 
cations.  A  practical  discharger  system  would  require  mul¬ 
tiple-point  electrostatic  sensors  to  measure  electric  fields 
and  charge  density.  In  a  closed  feedback  system,  data 
from  these  sensors  would  be  processed  by  a  microcom¬ 
puter  which  would  calculate  the  voltage  on  the  helicopter 
as  a  function  of  height  and  control  countercharge  gener¬ 
ated  for  neutralizing  purposes. 

In  addition  to  the  technical  results  of  the  electrosta¬ 
tic  model  studies  mentioned,  this  paper  describes  briefly 
the  electrostatic  test  chamber  used  for  the  model  experi¬ 
ments,  some  of  the  unique  electrostatic  instrumentation 
required  for  measuring  electric  fields  and  space  charge, 
and  the  construction  of  the  spherical  model. 


"Numbers  in  brackets  designate  references  at  end  of 
paper. 


THEORETICAL  ANALYSIS 

The  potential  and  electric  fields  for  models  which 
correspond  closely  to  the  test  chamber  have  been  ana¬ 
lyzed  theoretically.  The  results  include  solutions  for  a 
charged  sphere  between  finite  size  conducting  plates,  and 
between  infinite  conducting  plates  with  a  cylindrical 
space  charge  region  surrounding  the  sphere. 

SPHERE  BETWEEN  INFINITE  PARALLEL 
PLATES  —  Before  the  finite  plate  problem  is  consid¬ 
ered,  the  classic  problem  of  a  charged  sphere  between  in¬ 
finite  parallel  conducting  plates  is  reviewed.  The  notation 
used  follows  that  of  Morse  and  Feshback  [3]  in  most 
cases.  The  potentials  interior  and  exterior  to  the  sphere 
may  be  expressed  by  the  eigenfunction  series 


-  E  C.(ll)p.(cos«) 
a-o  \  a*  / 


ijc.(££)r.(w*>  (2) 

where: 

^(r,0)  -  the  electrostatic  potential  interior  to  a 
sphere  of  radius  a, 

+H.r,0)  m  the  electrostatic  potential  exterior  to  a 
sphere  of  radius  a, 

m  spherical  coordinate  variables  having  origin 
at  the  center  of  the  sphere, 

PB(cos0)  »  the  Legendre  function  of  the  first  kind  of 
degree  n,  and 

C„  “  the  undetermined  coefficients. 

The  condition  that  the  potential  be  everywhere  finite 
and  continuous  across  the  surface  of  the  sphere  has  been 
imposed  in  formulating  Equations  (1)  and  (2).  In  addi¬ 
tion,  only  rotationally  symmetric  (i.c.,  4  independent) 
solutions  are  considered.  Imposing  the  boundary  condi¬ 
tion  for  the  normal  component  of  electric  field  at  the  sur¬ 
face  of  the  sphere  leads  to  expressions  for  the  model  com¬ 
ponents  of  surface  charge  density  as 

«.(*)  -  C.€0^~P.(cotf)  (3) 

The  capacitance  of  the  sphere  is  defined  as 

c«Q/V0  (4) 

where: 

Q  -  the  total  charge  on  the  sphere,  and 
V0  “  the  potential  imposed  upon  the  sphere. 
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where: 


The  total  charge  is  obtained  by  integration  of  the  surface 
charge  density  over  the  surface  of  the  sphere.  Since  only 
the  zeroth  degree  Legendre  function  has  a  non  zero  inte¬ 
gral,  the  capacitance  may  be  written  as 

c  -  4raf0C0/V0  (5) 


a  -  the  radius  of  the  sphere,  and 

<o  m  the  permittivity  of  free  space. 

If  the  sphere  were  located  in  free  space,  the  distribution 
of  charge  would  be  uniform  and  only  C0  would  be  non 
zero.  When  the  sphere  is  placed  between  parallel  con¬ 
ducting  plates,  or  in  fact  near  any  other  conductor,  the 
higher  order  terms  exist.  The  infinite  parallel  plate  geom¬ 
etry  is  shown  in  Figure  1 . 

The  boundary  conditions  which  must  be  met  are 

\«r,0)  -  Va  at  all  points  on  the  surface  and  within 
the  sphere, 

tf(r,0)  -  Vj  at  all  points  on  the  lower  plate,  and 

iWr .0)  “  V2  at  all  points  on  the  upper  plate. 

The  potentials  V0.  V,  and  V2  are  assumed  to  be  known 
and,  initially,  V,  and  V2  will  be  taken  as  zero.  Following 
the  procedure  given  by  Smythe  [2],  the  total  potential  at 
the  center  of  the  sphere  is  set  equal  to  V,  and,  since  the 
potential  is  constant  within  the  sphere,  the  derivatives  of 
potential  of  all  orders  are  set  equal  to  zero.  The  total  po¬ 
tential  at  the  center  of  the  sphere  is  the  sum  of  the  poten¬ 
tials  due  to  charges  on  the  sphere  and  to  surface  charge 
on  the  two  plates.  Image  theory  may  now  be  used  to  re¬ 
place  the  two  plates  by  a  series  of  images  of  the  sphere. 
The  potential  at  the  center  of  the  sphere  is  then  obtained 
by  adding  to  Equation  (1)  a  series  of  image  terms  com¬ 
puted  from  Equation  (2).  Truncating  the  eigenfunction 
series  at  Nth  order,  a  set  of  N  linear  equations  is  formed 
by  setting  the  potential  equal  to  V0  and  the  first  N-l  de¬ 
rivatives  of  the  potential  with  respect  to  z  equal  to  zero. 
After  some  algebraic  manipulation,  the  resulting  equa¬ 
tions  are 


,  |^0»+l>k  > 


r - — ! _ _ »  (-0‘ 

+  <kl>- [l-(  — 


(  ^  ^ 
'V(kD+[i-(-i)Mi.)— *T  +  j  -  0; 


1  for  n  -  m 
0  foment 


D  =  the  separation  between  the  plates; 

z«  «=  location  of  the  center  of  the  sphere;  and 

M  =  the  number  of  image  terms  retained  in  the 
computation. 

A  potential  applied  to  the  plates  may  be  included  by  rec¬ 
ognizing  that  a  linear  gradient  of  potential  is  added  in  the 
region  between  the  plates.  For  a  potential  V2  applied  to 
the  upper  plates,  with  V,  ■  0,  the  potential  and  its  deriva¬ 
tive  with  respect  to  z  are  given  by 


(I  +  jlV 

\  2  D/ 


These  two  terms  may  then  be  subtracted  from  the  right- 
hand  sides  of  Equation  (6)  and  the  first  of  Equations  (7) 
as  modifications  of  the  source  vector.  The  solution  of 
this  set  of  linear  equations  for  the  coefficients  C,  then  al¬ 
lows  for  computation  of  the  charge  density  on  the  sphere 
using  Equation  (3).  The  electric  field  at  the  lower  plate  is 
also  of  interest  and  may  be  obtained  from  the  potential 
by  adding  an  appropriate  image  series  to  Equation  (2). 
The  result  may  be  expressed  as 


E,(y,-D/2)  -  E  C»»"*'(n+ 1) 

»“  ffi  rf*» 


where: 


\  -  (-1)*  [(k-1/2)  D  +  (-1)^  zj,  and 
rk  -  [yJ  +  z£  ]1/l. 


and  a  recurrence  formula  for  the  Legendre  functions 
(Equation  (843))  of  Reference  [4]  has  been  used. 

SPHERE  BETWEEN  THIN  OBLATE 
SPHEROIDS  —  Since  the  width  of  the  roof  and  floor 
plates  of  the  test  chamber  are  of  the  order  of  their  separa¬ 
tion,  the  accuracy  of  an  infinite  plate  model  must  be  ex¬ 
amined.  For  this  purpose,  the  roof  and  floor  are  modeled 
as  thin  oblate  spheroids  which,  in  the  limit  of  zero  thick¬ 
ness,  become  circular  disks.  The  geometry  used  in  this 
analysis  is  shown  is  Figure  2. 

Rotational  symmetry  about  the  vertical  axis  is  main¬ 
tained  and  the  spheroidal  coordinate  {  and  *  are  defined 
131  by 


a  -  1,2,...,N— 1. 
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x  -  b 


(11) 

(12) 


Solutions  of  Laplace’s  equation  appropriate  to  an 
oblate  spheroid  defined  by  {  -  f 0  are 


.  Ep.(’»)[A.P.(U)  +  B11Q.(if)]  03) 

0» 

r  ill)  -  Ij  C,P,(»j)Q,(i{) ;  e  fc  lo  (14) 

where: 

P.  «  the  Legendre  function  of  the  first  kind; 

Q.  =  the  Legendre  function  of  the  second  kind;  and 

i  -  vn 

The  requirement  that  the  potential  be  finite  everywhere 
has  been  imposed  in  formulating  Equations  (13)  and  (14). 
Further  simplification  can  be  achieved  from  symmetry 
considerations.  An  even  charge  distribution  on  the  sur¬ 
face  of  the  spheroid  must  produce  a  zero  electric  field 
(gradient  of  potential)  at  {  «■  0,  and  an  odd  charge  distri¬ 
bution  must  produce  a  zero  potential  at  {  ■  0.  Only  Pn(i£) 
has  these  properties;  thus,  B„  in  Equation  (13)  must  be 
zero.  Requiring  continuity  of  potential  at  the  surface  of 
the  spheroid  ($  -  £q)  leads  to 


area  of  the  test  chamber,  and  a  thickness  of  0.0033  me¬ 
ters.  Some  of  the  difference  in  field  strength  between  the 
infinite  plate  and  oblate  spheroid  solutions  may  be 
caused  by  the  finite  thickness  and  curvature  of  the  spher¬ 
oid  surface,  however,  these  errors  are  believed  to  be 
small.  These  results  thus  indicate  that  the  finite  size  of  the 
roof  and  floor  electrodes  in  the  rest  chamber  results  in  a 
slightly  higher  field  at  the  south  pole  when  the  sphere  is 
near  the  floor,  as  compared  to  the  infinite  plate  predic¬ 
tion. 

SPHERE  IMBEDDED  IN  A  SPACE  CHARGE 
REGION  —  The  final  problem  which  has  been  solved  re¬ 
lating  to  the  experimental  measurements  is  that  of  a 
sphere  between  infinite  parallel  plates  and  surrounded  by 
a  finite  diameter  cylindrical  region  containing  a  uniform 
space  charge  density.  The  geometry  used  for  this  solution 
is  shown  in  Figure  3.  The  solution  for  the  potential  at  a 
point  designated  by  r,  due  to  a  volume  density  of  charge 
p,  is  given  by 


V 


where: 
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The  total  potential  at  any  point  in  space  may  be  written 
by  adding  the  potential  due  to  the  sphere  (Equation  (1)  or 
(2))  and  the  potential  due  to  each  of  the  two  spheroids 
(Equation  (13)  or  (16)).  The  coordinates  of  a  point  in 
space  must  of  course  be  related  to  the  local  coordinate 
systems  used  in  formulating  these  equations. 

A  set  of  3N  equations  for  determination  of  the  3N 
unknown  coefficients  must  now  be  formed.  The  proce¬ 
dure  used  for  the  infinite  parallel  plate  problem,  i.e., 
enforcing  the  value  of  potential  and  zero  derivatives  of 
potential  at  the  center  of  each  electrode,  can  be  used. 
This  procedure  was  found,  however,  to  result  in  poor 
convergence  of  the  numerical  solution.  Better  conver¬ 
gence  was  achieved  by  enforcing  the  value  of  the  poten¬ 
tial  at  a  set  of  N  points  on  the  surface  of  each  electrode. 

The  computed  capacitance  of  the  sphere  as  a  func¬ 
tion  of  height  above  the  lower  plate  for  free  space,  infi¬ 
nite  parallel  plates  and  finite  thin  plates  of  area  equal  to 
the  actual  test  chamber  roof  and  floor  is  shown  in  Figure 
3.  It  is  seen  that  the  capacitance  is  essentially  the  same  for 
infinite  and  finite  plates. 

The  normal  component  of  electric  field  at  the  sur¬ 
face  of  the  sphere  for  different  heights  above  the  lower 
plate  is  shown  in  Figure  4.  For  these  computations,  the 
oblate  spheroids  were  taken  to  have  a  major  diameter 
which  would  give  a  disc  area  equal  to  the  roof  or  floor 


R1  -  [(z-z')*  +  r*  +  r'2  -  2rr'  cos(*  -  **)];  and 


r,4>,z  “  the  cylindrical  coordinate  variables.  The 
unprimed  variables  designate  the  location  of  the  field 
point  at  which  the  potential  is  to  be  determined,  while  the 
pruned  variables  are  variables  of  integration.  The  evalua¬ 
tion  of  the  integral  in  Equation  (17)  for  a  general  field 
point  leads  to  an  elliptic  integral  form.  The  problem  is 
greatly  simplified,  however,  if  only  field  points  along  the 
z  axis  (r  "  0)  are  considered.  The  potential  at  any  point 
along  the  z  axis  which  is  produced  by  a  finite  cylindrical 
region  of  uniform  charge  density  is  found  to  be  expressi¬ 
ble  as: 


where: 

the  upper  sign  of  Equation  (19)  is  used  for  z  >  D/2, 
and 

the  lower  sign  of  Equation  (19)  is  used  for  z  <  -D/2, 
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K(z)  = 
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+  V7z  +  D/2) 2  +  b 2 

2 


V(D/2  — z)2  +b2  +  (D/2-z) 
V(D/2-z)2  +b2  -  (D/2-z 


p  -  the  volume  density  of  charge,  and 
£  ■  the  permittivity. 

Equations  (18)  and  (19)  do  not  give  the  potential 
needed,  however,  since  the  sphere  excludes  space  charge 
from  its  interior. 

The  existence  of  the  sphere  may  be  accounted  for  by 
adding  to  Equations  (18)  and  (19)  the  potential  produced 
by  a  spherical  region  having  a  charge  density  of  -p.  Eval¬ 
uating  Equation  (17)  for  this  spherical  region  gives 
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model.  Figure  7  shows  the  computed  electric  field  at  the 
south  pole  (bottom)  of  the  sphere  as  a  function  of  height 
above  the  lower  plate  for  a  5  kV  potential  on  the  sphere 
and  various  space  charge  densities. 

SUMMARY  OF  THE  THEORETICAL 
ANALYSIS  —  The  analysis  of  the  charge  density  and 
electric  field  on  a  spherical  conducting  body  has  been  ex¬ 
pressed  as  an  eigenfunction  series,  the  coefficients  in  the 
series  being  determined  by  the  interaction  with  external 
electrodes  and  external  space  charge  density.  The  general 
form  of  the  solution  is  of  interest  in  relation  to  empirical 
formulas  which  have  been  derived.  The  potential  is  first 
expressed  as 

N 

4>  =  S  C,K„(H,x,y,z)  (23) 

where: 

Kg  ~  the  eigenfunctions  for  the  sphere, 

H  •»  the  height  of  the  sphere  above  the  floor  of  the 
test  chamber,  and 

x,y,z  -  the  rectangular  coordinate  variables. 

A  set  of  linear  equations  is  formed  by  matching  the 
boundary  conditions  on  all  electrodes  and  the  solutions 
for  the  C„  may  be  written  as 


where  a  spherical  coo  "r  ite  system  centered  on  the 
sphere  has  been  assumed.  v  c  desired  potential  may  now 
be  expressed  as 

*(z)  *“  ^=(z)  +  V'Hz-Zo)  (22) 

where  Zq  is  the  position  of  the  sphere  in  the  coordinate 
system  of  Figure  5. 1  his  is  still,  however,  only  the  poten¬ 
tial  of  a  finite  cylindrical  space  charge  region  with  a 
spherical  hole.  To  obtain  tbs  desired  solution,  the  poten¬ 
tial  produced  by  charge  distribution  on  the  sphere,  Equa¬ 
tions  (1)  and  (2),  and  an  image  series  to  account  for  the 
parallel  conducting  plates  must  be  added  to  Equation 
(22).  The  solution  for  the  unknown  coefficients  is  then 
carried  out  in  the  same  manner  as  previously  for  the  infi¬ 
nite  parallel  plate  case.  The  equations  which  are  solved 
are  similar  to  Equations  (6)  and  (7),  with  the  potential 
produced  by  the  space  charge  and  its  image  series  sub¬ 
tracted  from  the  right-hand  side.  The  required  derivatives 
of  the  space  charge  potentials  up  to  the  tenth  order  are 
given  in  Reference  [5]. 

The  field  strength  at  the  lower  plate  as  a  function  of 
the  radius  of  the  space  charge  region  (without  sphere)  is 
shown  in  Figure  6.  The  horizontal  dashed  lice  in  Figure  6 
indirates  the  field  predicted  by  an  infinite  slab  of  space 
charge  and  the  vertical  dashed  line  indicates  the  radius  of 
the  cylinder  having  the  same  cross-sectional  area  as  the 
test  chamber,  it  is  seen  that  the  finite  size  of  the  chamber 
produces  a  field  at  the  center  of  the  lower  plate  which  is 
about  70  percent  of  that  predicted  by  the  infinite  slab 


C.  ~  £  K.  IV.  (24) 

n 

where: 

KJ,  ■  elements  of  an  inverse  matrix,  and 

Va  “  a  source  vector  expressing  the  boundary  condi¬ 
tions. 

From  Equation  (24),  the  potential  may  then  be  expressed 
as 


E(Ek71V.)k. 

(23) 

L  (Ekb-;x)v. 

(26) 

The  term  in  parentheses  in  Equation  (26)  is  a  function  of 
the  geometry  only,  while  the  vector  VB  contains  the  influ¬ 
ence  of  externally  applied  fields  and  space  charge. 

The  potential  produced  by  an  external  vertical  elec¬ 
tric  field  Eg  is 

VB™-E0z 


1 
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and  that  produced  by  a  space  charge  density  may  be  writ¬ 
ten  as 


V'-pM 


where  M  is  a  function  of  the  geometry.  If  the  boundary 
conditions  of  constant  potential  V  and  zero  derivatives  a.' 
potential  at  the  center  of  the  sphere  are  imposed,  Equa¬ 
tion  (26)  may  be  expanded  to  show  the  influence  of  the 
different  external  sources  as 


iffx.y.z)  =  V0 


+  E0 


M  N 


XJk0k0"J  +  £  Ekav. 


J  (27) 


-  P 


M  N 


£  +  m 


dzm  ll-H 


Each  of  the  terms  in  brackets  in  Equation  (27)  is  a 
function  of  the  geometry  atone  and  thus  the  influence  of 
each  source  may  be  studied  separately. 


TEST  CHAMBER 

To  conduct  the  laboratory  tests,  it  was  necessary  to 
construct  a  special  test  facility  sufficiently  large  to  ac¬ 
commodate  the  spherical  mode*  In  addition  to  the  size 
requirement,  the  design  of  the  chamber  included  provi¬ 
sions  for  generating  a  large  volume  of  space  charge  and 
simulating  electric  fields  typical  of  the  earth’s  natural 
electric  field  in  the  range  of  ±100  V/m.  For  the  size 
requirement,  a  wooden  frame  plywood  cubical  structure 
measuring  6.2  meters  (20.23  feet)  on  a  side  was  con¬ 
structed.  The  roof  and  floor  were  comprised  of  sheet 
metal  ground  planes  that  could  be  electrified  to  produce 
external  electric  fields  around  the  model.  The  walls  of  the 
chamber  were  insulated  with  plastic  liner  sheets  to  protect 
the  walls  from  moisture  effects  as  a  result  of  the  manner 
in  which  space  charge  was  generated  in  the  chamber. 
Some  of  the  external  and  overall  construction  features  of 
the  test  chamber  can  be  seen  in  Figures  8  and  9. 

Space  charge  was  generated  in  a  small  cubical  ante¬ 
chamber  measuring  1 .8  meters  (6  feet)  on  a  side,  which  is 
visible  in  the  upper  right-hand  portion  of  Figure  8.  This 
was  accomplished  by  a  water  spray  electrification  process 
as  shown  in  Figure  10.  In  this  process,  six  high-velocity 
nozzles  spray  water  jets  against  one  side  of  the  ante¬ 
chamber.  When  the  water  impacts  the  wails,  minute 
water  droplets  are  formed,  resulting  in  negatively 
charged  fog  and  mist.  With  a  corona  needle  in  the  middle 
of  the  antechamber,  the  negative  charge  can  be  greatly 
enhanced  or  reversed  and  made  positive  in  polarity.  With 
a  high-volume  blower  system,  the  charged  fog  and  mitt  in 
the  antechamber  were  transported  through  large  PVC 


pipes  to  the  main  test  chamber.  A  close-up  view  of  the 
space  charge  generating  antechamber  and  the  circulation 
pipes  to  the  main  test  chamber  are  shown  in  Figure  11. 
Overall,  the  antechamber  was  constructed  out  of  ply¬ 
wood  and  lined  with  galvanized  sheet  metal  which  made 
the  interior  chamber  walls  conducting  where  the  charge 
was  generated.  The  process  described  for  generating  the 
space  charge  is  the  phenomenon  associated  with  tank 
washing  [6]  on  board  supertankers  which  has  been 
responsible  for  numerous  shiptank  explosions. 

With  the  water  spray  electrification  and  blower  cir¬ 
culation  system  used  for  generating  space  charge,  the 
main  test  chamber  could  be  filled  with  charged  fog  and 
mist  that  had  a  charge  density  on  the  order  of  7  to  12 
aC/m3.  With  the  model  removed  from  the  test  chamber, 
electric  fields  measured  at  the  center  of  the  floor  ground 
plane  varied  from  1.83  to  3.18  kV/m  as  a  result  of  the 
space  charge  filling  the  chamber. 

INSTRUMENTATION 

In  conducing  the  model  experiments,  some  special 
electrostatic  instrumentation  was  used  to  measure  electric 
fields  and  space  charge  density  remotely  from  the  model 
and  at  designated  points  within  the  test  chamber.  The  pri¬ 
mary  instrument  used  for  measuring  electric  fields  was  a 
Monroe  Electronics,  Inc.  Model  171  electric  fieldmeter. 
For  remote  electric  field  measurements  from  the  model, 
the  mainframe  of  the  instrument  and  the  electric  field 
sensors  were  implemented  within  the  model  and  operated 
by  a  rechargeable  battery  power  supply.  Readout  from 
the  instrument  was  accomplished  through  a  multichannel 
fiber  optic  data  link  coupled  to  the  output  of  the  field- 
meter  instrument. 

Charge  density  measurements  on  the  charged  mist 
and  fog  within  the  test  chamber  were  made  with  a  mo¬ 
mentarily  sampling  charge  density  meter,  designed 
in-house  and  originally  used  for  shiptank  studies  con¬ 
ducted  for  the  U.S.  Maritime  Administration  [7].  Making 
remote  space  charge  measurements  from  the  model  re¬ 
quired  the  design  of  a  pneumatically-operated  valving 
mechanism  which  was  also  implemented  within  the 
model.  The  output  of  the  sampling  valve  mechanism  was 
connected  through  a  Nylobrade  hose  attached  to  the 
model.  The  construction  of  the  on-board  sampling  valves 
together  with  the  electric  field  instrumentation  can  be 
seen  in  Figures  14  and  15,  which  are  more  fully  described 
in  the  following  section. 

MODEL  CONSTRUCTION 

The  spherical  model  was  designed  as  two  hemispher¬ 
ical  shells  bolted  together  at  the  equator.  Fiberglass 
material  was  used  in  the  construction.  A  conductive  coat¬ 
ing  was  applied  to  the  surface.  Three  sets  of  electric  field 
and  charge  density  sensors  were  implemented  around  the 
equator  with  companion  sensors  at  the  north  and  south 
poles.  The  completed  spherical  model  is  shown  in  Figure 
12.  Overall,  the  model  bud  a  diameter  of  140  meters 
(4.28  feet). 

Figure  13  shows  the  method  used  in  suspending  the 
model  in  the  test  chamber.  A  special  harness  comprised 
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of  polyethylene  rope  and  the  insulator*  shown  were  re¬ 
quired  to  adequately  isolate  the  model  from  charge  leak¬ 
age  effects  that  could  otherwise  occur  from  other  types  of 
harnesses.  The  three  small  insulators  on  the  sphere  cany 
the  direct  load  of  the  internal  instrumentation  package  as 
well  as  the  weight  of  the  model. 

The  instrumentation  package  implemented  in  the 
model  b  shown  in  Figures  14  and  15.  Figure  16  shows  the 
manner  in  which  the  hemispherical  shells  and  instrumen¬ 
tation  package  are  assembled.  Figure  17  shows  the  fully 
operational  model  with  the  charge  density  sampling  hose, 
fiber  optic  cables,  and  polyethylene  air  hoses  for  actuat¬ 
ing  the  sampling  valves  and  sampling  the  space  charge  at 
various  points  around  the  model.  The  instrumentation 
package  battery  supply  could  puww  thfmodd  for  a  good 
10-hour  period  before  recharging  was  necessary.  Re¬ 
charging  could  be  accomplished  in  an  overnight  period 
with  an  appropriate  battery  charger  connected  to  a  plug 
mounted  on  the  model. 

EXPERIMENTAL  TESTS 

There  were  many  experimental  tests  conducted  that 
cannot  fully  be  described  within  the  scope  of  this  paper; 
however,  two  series  of  experimental  tests  are  described 
that  clearly  illustrate  how  the  various  electrostatic  param¬ 
eters  are  related  and  affect  the  voltage  on  the  model. 
During  the  course  of  the  experimental  test  efforts,  it  was 
determined  that  external  electric  fields  on  the  order  of 
±100  V/m  had  very  little  effect  on  the  test  results.  Labo¬ 
ratory  tests  with  external  electric  fields  are  therefore  not 
described  in  this  paper.  However,  the  natural  electric 
field  from  the  earth  is  a  factor  considered  later  in  deriv¬ 
ing  the  charge  equilibrium  conditions  for  full-scale  heli¬ 
copters.  The  nature  of  the  tests  to  be  described  and  the 
experimental  data  are  first  presented  without  mathemati¬ 
cal  interpretation.  Date  analysis  is  treated  separately 
where  empirical  techniques  are  applied  to  show  electric 
field  trends  very  similar  to  the  results  obtained  from  the 
theoretical  analysis. 

FLOOR  SENSOR  TESTS  —  The  floor  sensor  tests 
involved  no  electrostatic  instrumentation  on  board  the 
model.  For  this  first  series  of  tests,  a  single  electric  field 
sensor  was  implemented  in  the  floor  ground  plane  at  the 
center  of  the  chamber.  Space  charge  was  sampled  from  a 
wall  port.  The  model  was  raised  and  lowered  at  the  center 
of  the  chamber  directly  above  the  electric  field  sensor. 
The  physical  arrangement  of  this  test  setup  is  shown  in 
Figure  IS.  To  eliminate  external  electric  fields,  the  roof 
and  floor  ground  planes  were  shorted  together.  A  high- 
voltage  power  supply  was  used  to  charge  the  model  to  a 
given  potential.  Excess  surface  charge  Imparted  to  the 
model  in  this  manner  was  accomplished  through  a  special 
charging  probe  which  could  be  applied  to  the  model  sur¬ 
face  and  then  quickly  removed.  The  time  constant  of  the 
sphere  in  thb  first  test  configuration  was  greater  than  two 
hours.  Also,  in  addition  to  charging  the  sphere,  a  probe 
connected  to  ground  wu  used  to  discharge  the  excess  sur¬ 
face  charge  when  required.  Charging  and  discharging 
effects  were  observed  under  charge-filled  and  charge-free 
chamber  conditions. 


Two  tests  were  conducted  when  the  test  chamber 
was  free  of  space  charge.  The  results  of  these  tests  are 
shown  in  Tables  1  and  2.  The  primary  differences  be¬ 
tween  these  two  tests  were  the  charging  voltages  at  which 
the  two  tests  were  conducted.  These  tests  show  that  no 
nonlinear  corona  effects  were  present  during  the  two 
tests.  Also,  the  E/V,  ratios  in  Tables  1  and  2  are  compa¬ 
rable  and  within  the  expectations  of  repeatable  test 
results  and  instrumentation  errors. 

The  third  test  conducted  wu  aimed  at  determining 
the  effects  of  space  charge  upon  the  electric  field  sensor 
mounted  in  the  floor.  Negative  space  charge  wu  circu¬ 
lated  in  the  test  chamber  and  the  sphere  wu  charged  to 
the  potentials  used  in  Tut  12  (summarized  in  Tabic  2)  for 
the  various  heights  above  the  floor.  During  this  test,  the 
output  of  the  electric  field  sensor  wu  recorded  on  a  strip 
chart.  Electric  field  measurements  were  also  made  for  the 
condition  when  the  sphere  wu  discharged  to  zero  poten¬ 
tial  by  momentarily  shorting  the  sphere  to  ground.  The. 
data  collected  for  this  third  tut  are  shown  in  Table  3. 

The  results  of  these  tuts  show  that  when  the  sphere 
is  charged  to  a  potential  of  + 10  kV  and  suspended  at  a 
height  of  about  2.5  meters  (8.2  feet),  the  electric  field  at 
the  sensor  is  zero.  At  this  point,  the  space  charge  effects 
exactly  counterbalance  the  electric  Adds  from  the  sphere 
due  to  excess  surface  charge.  Also,  when  the  sphere  is 
grounded  and  there  are  no  electric  field  lines  emanating 
from  the  model,  the  presence  of  the  sphere  is  completely 
muked  by  the  space  charge  for  heights  greater  than  2.44 
meters  (8.0  feet). 

The  true  nature  of  the  space  charge  effects  can  fur¬ 
ther  be  seen  by  comparing  the  electric  field  date  given  in 
Tablu  2  and  3.  As  the  sphere  is  lowered  dose  to  the  floor 
sensor,  electric  fields  from  the  charged  sphere  predomi¬ 
nate  over  the  space  charge  effects  and,  conversely,  when 
the  sphere  is  raised  above  2.5  meters  (8.2  feet),  the  space 
charge  effects  predominate.  These  date  dramatically 
illustrate  tha*  the  potential  difference  on  the  modd  is  a 
function  of  both  the  space  charge  surrounding  the  sphere 
and  the  measured  electric  fields. 


ON-BOARD  SENSOR  MEASUREMENTS  -  For 
on-board  electrostatic  measurements,  three  electric  field 
sensors  were  installed  in  the  modd  at  the  north  pole, 
equator  and  south  pole.  Space  charge  wu  sampled  from 
a  wall  port  and  directly  from  the  model  in  two  different 
tuts.  The  tut  chamber  add  modd  configuration  for  the 
case  where  space  charge  wu  sampled  from  a  wall  port  are 
shown  in  Figure  19.  The  first  tut  conducted  determined 
the  electric  fields  u  a  function  of  modd  hdght  in  a 
charge-free  tut  chamber.  The  tut  results  shown  in  Table 
4  are  for  different  charging  potentials  on  the  sphere.  The 
electric  field  intensities  listed  under  the  date  columns 
identified  u  E„,  E,  and  E,  refer  to  the  north  pole,  equator 
and  south  pole  locations,  respectively.  In  Table  5,  the 
charging  potential  wu  held  constant  u  the  modd  height 
wu  varied.  The  results  from  these  two  tuts  Indicate  a 

*  wider  variation  in  the  electric  fields  at  the  south  pole  than 
at  the  equator  or  north  pole.  Also,  it  can  be  concluded 
from  these  two  tests  that  the  south  pole  sensor  data  is 

*  more  significant  in  inferring  the  potential  of  the  modd. 
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The  data  presented  in  Table  6  show  the  electric 
fields  measured  on  the  model  when  the  test  chamber  was 
filled  with  space  charge.  In  this  test,  the  sphere  was 
charged  in  the  same  manner  as  in  Test  #1  (summarized  in 
Table  4).  Like  the  floor  sensor  experiments,  the  electric 
fields  on  the  model  were  altered  considerably  by  the  pres¬ 
ence  of  the  surrounding  space  charge. 

Several  trends  are  evident  in  the  electric  field  data  as 
a  result  of  the  space  charge  surrounding  the  model:  (1)  As 
the  sphere  is  lowered  from  the  midpoint  in  the  test  cham¬ 
ber,  the  distance  between  the  north  pole  and  the  roof 
increases,  providing  volumetric  increases  in  the  amount 
of  space  charge  affecting  the  electric  field  sensor  at  the 
north  pole.  As  the  space  charge  effects  tend  to  increase 
the  electric  fields  at  the  north  pole  with  changes  in  re¬ 
duced  height,  there  is  also  an  overall  decrease  in  the  elec¬ 
tric  fields  observed  due  to  less  surface  charge  since  the 
charging  voltage  is  reduced;  therefore,  an  increase  in  one 
field  component  and  a  decrease  in  the  other  field  compo¬ 
nent  result  in  a  slight  overall  net  decrease  in  the  electric 
fields  measured  at  the  north  pole;  (2)  The  electric  fields 
measured  at  the  equator  decrease  as  the  sphere  is  low¬ 
ered.  Large  increases  in  the  electric  fields  at  the  equator 
would  not  be  expected  from  the  space  charge  alone  since 
the  distance  between  the  equator  sensor  and  the  wall  is 
constant  and  does  not  affect  the  volumetric  amount  of 
space  charge  influencing  the  sensor;  therefore,  any 
changes  in  the  electric  field  at  the  equator  would  be  due 
almost  entirely  to  changes  in  the  excess  surface  charge  on 
the  sphere;  (3)  Electric  fields  measured  at  the  south  pole 
decrease  as  the  model  is  lowered  because  both  space 
charge  and  excess  surface  charge  effects  are  reduced.  The 
space  charge  effects  are  reduced  with  decreasing  height 
since  there  is  less  volumetric  space  charge  between  the 
south  pole  and  floor  to  affect  the  sensor.  The  excess  sur¬ 
face  charge  is  reduced  as  the  height  is  lowered  because 
lower  charging  voltages  were  used  in  the  tests;  and  (4)  At 
the  midpoint  in  the  test  chamber,  the  electric  fields  on  all 
the  sensors  can  be  considered  essentially  the  tame  since 
all  the  electrostatic  parameters  are  uniformly  distributed 
around  the  model. 

Another  observation  can  be  made  in  comparison 
with  the  tests  conducted  with  the  floor  sensor.  i  positive 
space  charge  had  been  used  together  with  a  positive 
charging  potential  on  the  sphere,  zero  electric  field  condi¬ 
tions  would  have  been  measured  at  the  south  pole  at 
some  point  where  the  space  charge  and  excess  surface 
charge  effects  were  equal  and  opposite. 

The  data  trends  shown  in  Table  6  were  also  observed 
again  for  the  case  where  the  full  on-board  measurement 
capabilities  c  f  the  model  were  used.  This  included  mak¬ 
ing  electric  field  and  space  charge  measurements  directly 
from  the  model.  Table  7  shows  the  results  of  this  test. 
Representative  space  charge  measurements  we re  made  at 
the  equator  of  the  model. 

EMPIRICAL  ANALYSIS 

The  tests  described  resulted  in  discrete  data  consist¬ 
ing  of  electrostatic  measurements  taken  at  specific 
heights  above  the  ground  plane  under  varying  reference 
voltages  and  charge  densities.  The  charging  voltages  were 


varied  so  that  the  magnitudes  of  the  electric  fields  were 
within  the  measurement  range  of  the  electric  fieldmeter. 
The  charge  densities  varied  due  to  the  nature  of  the  pro¬ 
cess  used  for  generating  the  space  charge.  In  spite  of  the 
variations  in  the  electrostatic  parameters  during  the  tests, 
the  test  data  reflect  certain  trends  which  can  be  normal¬ 
ized  for  general  comparison  purposes.  Since  it  is  obvious 
from  the  test  data  that  only  linear  processes  are  involved 
in  the  interaction  of  the  electrostatic  parameters  that  de¬ 
termine  the  model  potential,  the  laws  of  superposition 
may  be  applied  to  the  laboratory  test  data  so  that  the  ef¬ 
fects  of  the  electrostatic  parameters  can  be  separated  and 
independently  analyzed. 

In  applying  the  iaws  of  superposition  to  the  labo¬ 
ratory  test  data,  any  reference  point  (whether  it  is  on  the 
sphere,  in  space  around  the  model,  the  wall  of  the  cham¬ 
ber,  or  the  ground  plane)  will  have  a  composite  electric 
field  intensity  that  is  comprised  of:  (1)  the  external  elec¬ 
tric  field,  (2)  the  excess  surface  charge  on  the  model,  and 
(3)  the  space  charge  density  of  the  surrounding  medium. 
This  general  hypothesis  accounts  for  the  case  when  there 
can  be  an  external  electric  field  component,  although  the 
data  presented  in  this  paper  only  show  the  effects  of  sur¬ 
face  and  space  charge.  Pram  the  model  studies,  the  ef¬ 
fects  of  the  external  electric  field  were  trivial  and  are 
neglected  in  the  empirical  analysis.  Furthermore,  each  of 
the  electric  field  components  has  a  geometric  coefficient 
that  varies  as  a  function  of  the  model  height.  Using  com¬ 
puter  techniques,  'die  discrete  test  data  can  be  analyzed  to 
obtain  interpolation  formulas  for  the  geometric  coeffi¬ 
cients  associated  with  the  surface  charge  on  the  model 
and  the  surrounding  space  charge.  With  computed  geo¬ 
metric  functions,  the  empirical  analysis  results  in  a  family 
of  graphical  displays  showing  the  electric  fields  at  the 
point  of  reference  as  a  function  of  model  height,  voltage 
and  surrounding  space  chcrge  density. 

FLOOR  SENSOR  —  Since  the  space  charge  den¬ 
sity,  the  model  potential,  and  the  external  electric  field  all 
produce  lineal  independent  effects  at  the  floor  sensor, 
the  electric  weld  at  the  ground  plane  sensor  can  be  ex¬ 
pressed  in  a  general  form  as 

Ef  ■  E,  +  Ej  +  Ej  volts/meter  (28) 

where: 

E,  “  SoEg  is  the  electric  field  component  of  the  exter¬ 
nally  applied  field;  (29) 

Ej  -  -g,V,  is  the  electric  field  component  caused  by 
the  potential  on  the  model  surface;  (30) 

E3  "  -gjf>  is  the  electric  field  component  caused  by 
Lie  space  charge  density  surrounding  the 
model;  '  (31) 

gg  -  dimensionless  geometric  coefficient; 

g,  “  geometric  coefficient  with  units  of  1/meter; 

g-  -  geometric  coefficient  with  units  of  volt-meters2 
per  coulomb  (Vm2/Q; 


Eg  -  the  positive  exterul  electric  field  in 
volts/meter; 

V, "  the  model  potential  voltage  in  volts;  and 

P  **  the  space  charge  density  of  the  surrounding 
medium  in  coulombs/m1. 

The  electric  field  components  given  by  Equation 
(28)  are  vector  quantities;  however,  the  electric  field  sen¬ 
sor  can  only  measure  the  field  component  normal  to  the 
sensor  aperture.  Since  the  sensors  are  always  flush- 
mounted  at  the  measurement  surfaces,  the  equations  in 
this  analysis  are  given  in  scalar  notation. 

From  Equations  (28)-<31),  the  electric  field  at  the 
ground  plane  can  be  expressed  as 

Ef-fcEo-ItVBjP-  (32) 

By  neglecting  the  external  electric  field  component,  the 
sphere  potential,  V(,  may  be  expressed  as 

V,  ■  -G,E,  -  Ojp  volts  (33) 

where: 

O,  "  l/g„  a  geometric  coefficient  with  unite  of 
meters;  and 

ci  “  Sj/Si-  a  geometric  coefficient  with  units  of 
volt-meters1  per  coulomb  (VmVQ. 

Thus,  from  Equation  (33),  the  sphere  potential  can 
be  calculated  by  knowing  the  geometric  coefficients  G, 
and  Oj,  the  electric  field  intensity  at  the  ground  plane  ref¬ 
erence  point,  and  the  space  charge  density  surrounding 
the  model.  With  the  form  given  by  Equation  (33),  the 
geometric  coefficients  can  be  found  by  the  defining 
relationships  given  below. 


*-®L 

(34) 

(33) 

In  determining  the  geometric  coefficients  given  by 
Equations  (34)  and  (33),  tests  must  first  be  conducted  in  a 
charge-free  test  chamber.  Under  this  condition,  the 
sphere  is  charged  to  a  known  potential  and  the  resultant 
electric  fields  at  the  ground  plane  are  measured.  Once  G, 
has  been  determined,  then  the  test  chamber  is  filled  with 
a  known  space  charge  density  and  tests  are  repeated  by 
charging  the  sphere  to  a  known  potential  as  the  electric 
field  intensity  is  measured  at  the  grwuud  plane.  The  Vs,  E, 
and  p  quantities,  together  with  Gt,  can  then  be  used  to 
calculate  the  G3  geometric  coefficient. 

Once  O,  and  G}  have  been  derived  for  various 
sphere  heights,  H,  then  it  is  possible  to  calculate  the 
sphere  potential  for  any  given  electric  field  and  spare 
charge  density  using  Equation  (33).  From  the  test  data 


shown  in  Tables  1  and  2,  the  G,  coefficient  was  derived 
by  an  approximate  polynomial  series  expansion.  This 
function  is  shown  graphically  in  Figure  20. 

The  Gj  geometric  coefficient  for  the  ground  plane 
configuration  was  determined  from  data  contained  in 
Table  3.  This  analysis  involved  calculations  using  Equa¬ 
tion  (33)  and  the  values  derived  for  G(  shown  in  Figure 
20.  A  computer  analysis  of  calculated  data  points  for  the 
raw  G2  data  showed  that  a  four-term  polynomial  curve 
was  the  best  fit.  Figure  21  shows  a  graphical  plot  of  the 
G2  function. 

From  Equation  (33),  the  electric  field  sensor 
mounted  in  the  ground  plane  will  have  an  output  given  by 

Ef  -  -  T y.L+  °aP  j  vclts/meter.  (36) 
L  G|  J 

The  electric  fields  at  the  reference  floor  sensor  are 
shown  in  Figures  22-23  for  constant  charging  voltages  of 
G,  +1,  4-3  and  + 10  kV.  For  each  voltage,  the  space 
charge  density  was  varied  in  step  values  of  +30,  +30, 
+ 10,  0,  -10,  -30  and  -30  nC/m1.  Another  family  of 
curves  could  have  been  plotted  for  negative  sphere  poten¬ 
tials.  However,  as  can  be  seen  by  the  nature  of  Equation 
(36),  negative  sphere  potentials  would  have  resulted  in 
curves  of  the  tame  general  shape,  but  skewed  into  the 
positive  right  half  of  the  electric  field  plane. 

ON-BOARD  SENSOR  -  The  measured  field 
strength  at  the  south  pole  was  more  sensitive  to  height 
variations  than  data  from  the  sensors  at  the  equator  or 
north  pole;  therefore,  the  south  pole  waa  selected  at  the 
reference  point  for  performing  an  empirical  analysis  of 
the  data  collected  in  the  on-board  instrumentation  tests. 
In  the  empirical  analysis  that  follows  for  the  south  pole 
reference  point,  the  nomenclature  for  defining  the  geo¬ 
metric  coefficients  is  similar  to  that  used  for  the  floor 
sensor  case;  however,  the  characteristics  of  the  derived 
geometric  coefficients  are  completely  different. 

The  electric  field,  E(,  at  the  south  pole  can  be  ex¬ 
pressed  in  a  general  form  as  the  sum  of  three  field 
components. 

E,  “  Ej  +  Ej  +  Ej  volts/meter  (37) 

where: 

Et  -  ggEg  is  the  electric  field  component  produced 
by  the  externally  applied  field;  (38) 

Bj  “  gtV,  is  the  electric  field  component  produced 
by  surface  charge  on  the  model  tuiface;  (39) 

E, »  gy>  is  the  electric  field  component  produced  by 
the  space  charge  surrounding  the  model;  (40) 

go  ■  dimensionless  geometric  coefficient; 

g,  “  geometric  coefficient  with  units  of  1/meter; 

g,  -  geometric  coef fkdeat  with  units  of  volt-meters1 
per  coulomb  (VmVC); 


Eq  -  the  positive  external  electric  field  in 
voltt/meter; 

V,  "the  model  potential  in  volts;  and 

p  -  the  space  charge  density  of  the  surrounding 
medium  in  coulombs/m3. 

In  terms  of  the  external  electric  field,  model  poten¬ 
tial,  and  the  space  charge,  the  electric  field  at  the  south 
pole  can  be  expressed  as 

E,  -  -goEo  +  g,  V,  -  gj p  volts/ra  *^7.  (41) 

If  the  external  electric  field  component  is  neglected, 
the  sphere  potential,  V|t  at  the  south  pole  is 

V,  ■  G,E,  +  Ojp  volts  (42) 

where: 

G[  "  l/gt,  a  geometric  coefficient  with  units  of 
meters;  and 

Ga  -  g2/g,,  a  geometric  coefficient  with  units  of 
volt-meters3  per  coulomb  (Vcj3/Q, 

From  this  relationship,  the  sphere  potential  can  be 
inferred  by  measuring  the  electric  fields  at  the  south  pole 
and  the  surrounding  space  charge  density  once  the  geo¬ 
metric  coefficients,  G,  and  Ga,  have  been  determined. 
The  G,  and  C2  geometric  coefficients  can  be  determined 
from  the  expressions  shown  below. 


To  determine  G,,  charging  tests  are  first  conducted 
in  a  charge-free  test  chamber.  The  ratio  of  the  charging 
voltage  to  the  observed  electric  field  is  G,.  With  the  G, 
coefficient  determined,  charging  tests  are  again  per¬ 
formed  in  the  presence  of  space  charge  in  which  V„  E, 
and  p  are  known  as  required  for  the  03  calculation  de¬ 
fined  by  Equation  (44). 

Two  charging  tests  were  conducted  on  the  sphere  in 
a  charge-free  test  chamber  to  obtain  data  required  for  the 
G|  calculations.  The  results  of  these  tests  are  listed  in  Ta¬ 
bles  4  and  5.  In  the  first  test  the  charging  potential  was 
varied,  while  in  the  second  test  the  voltage  was  held  con¬ 
stant  at  1.5  kV.  The  results  of  these  two  tests  were  aver¬ 
aged  together  and  analyzed  for  the  best  curve-fit  as 
shown  in  Figure  26. 

The  G2  geometric  coefficient  was  derived  from  the 
data  listed  in  Tables  6  and  7.  For  Test  3  in  Table  6,  space 
charge  measurements  were  made  by  sampling  from  a  wall 
fixture.  In  Test  4,  shown  by  Table  7,  space  charge  sam¬ 
pling  was  accomplished  by  the  on-board  model  Instru¬ 
mentation  designed  for  that  purpose.  The  G2  function 


derived  from  empirically  averaged  data  is  shown  in  Fig¬ 
ure  27. 

Measurements  of  the  south  pole  electric  field  and 
the  surrounding  space  charge  density  can  be  used  to  infer 
the  model  potential  by  the  relationship  given  in  Equation 
(42).  This  voltage  expression  assumes  that  the  voltage  on 
the  model  is  an  unknown  and  is  thereby  inferred  by  mea¬ 
surements  of  the  electric  field  at  the  south  pole  and  the 
surrounding  space  charge  density.  In  the  laboratory  tests, 
the  sphere  voltage  and  space  charge  were  always  known. 
From  Equation  (42),  the  terms  can  be  rearranged  as 
shown  below  to  reflect  the  electric  fields  expected  at  the 
south  pole  as  a  function  of  the  sphere  potential  and  the 
space  charge  density. 

E,  -  » -I.fo,'?  j  volts/meter.  (45) 

This  expression  is  useful  in  graphically  illustrating 
the  electrostatic  phenomena  existing  at  the  south  pole  of 
the  model.  By  holding  the  sphere  potential,  V,,  constant 
and  adjusting  the  space  charge  density  in  discrete  steps,  a 
family  of  curves  for  the  electric  field  can  be  derived 
whereby  the  effects  of  space  charge  can  be  clearly  illus¬ 
trated.  Equation  (45)  is  plotted  in  Figures  28-31  for  the 
same  charging  voltages  and  space  charge  densities  used 
for  the  floor  sensor  case. 

COMPARISON  OF  EXPERIMENTAL  AND 
THEORETICAL  RESULTS 

The  analysis  of  the  observed  electrostatic  t cm  data 
provides  empirical  relations  from  which  the  electric  field 
at  the  ground  plane  and  on  the  sphere  may  be  calculated 
as  a  function  of  height  of  the  sphere  above  the  ground 
plane.  These  field  strengths  may  also  be  predicted  based 
upon  the  theoretical  analysis.  Comparison  of  the  experi¬ 
mental  and  theoretical  results  is  of  considerable  value 
both  in  evaluating  the  present  results  and  indicating  di¬ 
rections  for  future  work.  Figures  32  and  33  show  the  elec¬ 
tric  field  at  the  ground  plane  and  at  the  south  pole  of  the 
sphere,  respectively,  for  the  case  of  10  kV  applied  to  the 
sphere.  While  the  general  agreement  of  the  theoretical 
and  experimental  results  is  very  encouraging,  the  differ¬ 
ence  in  magnitude  of  the  space  charge  effect  indicates  the 
need  for  further  investigation. 

The  theoretical  predictions  shown  in  these  figures 
were  computed  from  the  infinite  parallel  plate  with  a  fi¬ 
nite  space  charge  region  model.  It  is  of  interest  to  note 
that  the  experimental  values  for  the  electric  field  at  the 
ground  plane  approach  the  theoretical  value  for  an  infi¬ 
nite  slab  space  charge  region.  During  the  tests,  charge 
was  found  to  accumulate  on  the  wails  of  the  test  cham¬ 
ber.  This  wall  effect,  combined  with  the  finite  size  of  the 
roof  and  floor  plates,  may  combine  to  produce  the  effect 
of  a  larger  space  charge  than  considered  in  the  theoretical 
computations. 

In  contrast  to  the  electric  field  at  the  ground  plane, 
the  measured  field  at  the  south  pole  of  the  sphere  was 
found  to  be  less  than  the  predicted  value.  One  explana¬ 
tion  for  this  difference  is  probably  nonuniformity  in  the 


charge  distribution  within  the  test  chamber.  Another 
probable  influence  on  the  measured  data  is  that  of  instru¬ 
mentation  cables  attached  to  the  sphere  during  mea¬ 
surement.  Figure  34  shows  a  comparison  of  measured 
and  predicted  capacitance  of  the  sphere  without  space 
charge  in  the  chamber.  The  lower  values  of  measured  ca¬ 
pacitance  are  probcbly  caused  by  the  instrumentation 
cables. 

HELICOPTER  ELECTROSTATIC  COEFFICIENTS 

In  the  laboratory,  under  controlled  electrostatic 
conditions,  the  potential  of  the  spherical  model  relative 
to  the  ground  was  quantitatively  sensed  by  measuring  the 
composite  electric,  field  at  a  reference  point  and  the  sur¬ 
rounding  space  charge  and  applying  the  relevant  math¬ 
ematical  calculations.  This  technique  depends  upon 
geometric  coefficients  that  must  be  used  in  the  voltage 
sensing  equations.  Although  actual  helicopter  flight  con¬ 
ditions  present  new  problems  of  scale  and  complex  geom¬ 
etry  in  comparison  with  the  laboratory  model  tests,  the 
techniques  developed  for  the  model  tests  can  be  extended 
and  applied  directly  to  helicopters. 

From  the  empirical  and  theoretical  analyses,  the  he¬ 
licopter  voltage  sensing  equation  can  be  gener  alized  as 

V,  -  OoEo  +  a,Ef  +  Qjp  volts  (46) 

where: 

V,  “  voltage  on  the  helicopter: 

Eq  •*  the  earth  »  natural  electric  field  in  volts/meler; 

E,  “  the  electric  field  at  a  reference  measurement 
point  in  volts/meta; 

p  ”  space  charge  around  the  helicopter  in  cou- 
lombf/m1; 

G0  ■>  the  geometric  coefficient  of  the  helicopter  re¬ 
lated  to  the  external  electric  field  in  meters; 

G,  -  the  geometric  coefficient  of  the  helicopter 
related  to  the  composite  electric  field  mea¬ 
surement  at  the  reference  point  in  meters; 
and 

G2  -  the  geometric  coefficient  of  the  helicopter 
related  to  the  space  charge  density  in  volts/ 
meter3  per  coulomb  (VmVQ. 

From  the  above  expression,  the  geometric  coeffi¬ 
cients  con  be  defined  mathematically  and  determined 
experimentally  from  practical  tests  on  a  helicopter  hover¬ 
ing  above  the  ground  in  the  presence  of  space  charge 
under  the  influence  of  the  earth’s  natural  electric  field. 
For  helicopter  testing, 
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V,  -  G.E,  -  GlP 

(49) 

To  determine  the  G,  coefficient,  the  space  charge 
around  the  helicopter  due  to  triboelectrification  and  the 
ionized  engine  exhaust  gases  will  generally  be  constant 
for  conditions  that  can  be  established  for  test  purposes. 
With  constant  space  charge  conditions  and  a  constant 
external  field  from  the  earth  around  the  aircraft,  the  hov¬ 
ering  helicopter  can  be  charged  to  some  given  potential. 
This  potential  will  result  in  related  electric  field  mea¬ 
surements  at  any  test  point  on  the  aircraft.  Following  this 
initial  charging  test,  the  helicopter  can  be  charged  again  a 
second  time  to  a  different  voltage  which  will  result  In  a 
different  electric  field  measurement  at  the  reference 
point.  Differences  between  the  first  and  second  sequences 
of  measurements  provide  the  difference  quantities  re¬ 
quired  in  Equation  (47).  By  repeating  these  charging  tests 
over  the  range  of  heights  typically  used  in  hovering,  the 
G,  coefficient  may  be  completely  determined  by  using 
curve-fitting  techniques  to  derive  practical  empirical 
relationships. 

To  determine  G2,  a  constant  voltage  Is  required  on 
the  aircraft  as  the  space  charge  around  the  aircraft  is  var¬ 
ied.  Variations  in  the  space  charge  around  the  aircraft 
may  be  accomplished  by  implementing  a  space  charge 
generator  on  board  the  aircraft  or  through  some  other 
means.  Variations  in  space  charge  will  cause  associated 
variations  to  occur  in  electric  field  observations  at  the 
reference  measurement  test  point  on  the  aircraft.  Differ¬ 
ences  in  these  parameters  are  the  factors  required  in 
Equation  (48)  for  calculating  the  G2  coefficient  when  the 
helicopter  is  maintained  at  a  constant  voltage;  for  exam¬ 
ple,  by  means  of  a  high-voltage  power  supply  on  the 
ground,  connected  to  the  aircraft  by  a  wire. 

Once  the  G,  and  G2  geometric  coefficients  are  deter¬ 
mined  by  best  curve-fit  empirical  analytical  relationships, 
the  G0  coefficient  can  be  found  from  Equation  (49).  For 
these  tests,  the  external  electric  Held  component,  E^, 
would  be  measured  on  the  ground  by  an  electric  field  sen¬ 
sor  some  distance  away  from  the  helicopter.  By  knowing 
the  earth's  electric  field  cad  the  G,  and  G2  coefficients, 
the  helicopter  would  be  charged  to  a  known  voltage,  V„ 
as  measurements  are  made  to  determine  the  composite 
electric  field  and  space  charge  at  the  reference  mea¬ 
surement  point  on  the  aircraft. 

The  description  of  the  test  procedures  for  determin¬ 
ing  the  geometric  coefficients  that  fully  define  the  elec¬ 
trostatic  voltage  sensor  expression  in  Equation  (46)  hus 
been  general  in  nature.  There  are  two  factors  related  to 
helicopter  flight  that  must  be  considered  in  the  test  proce¬ 
dures  before  the  final  voltage  expression  can  be  used  for 
making  calculation!.  These  include  the  effects  on  the  geo¬ 
metric  coefficients  due  to:  (1)  the  length  of  the  cargo 
hook,  and  (2)  variations  in  the  space  charge  region 
around  the  aircraft. 
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ACTIVE  DISCHARGER  SYSTEM 

From  the  voltage  sensing  expression  given  by  Equa¬ 
tion  (46),  the  requirements  for  electrostatic  equilibrium 
can  be  defined.  If  an  active  discharger  system  senses  the 
voltage  on  the  aircraft  and  neutralizes  charge  buildup, 
then  the  aircraft  potential,  V,,  must  be  zero.  Then,  under 
equilibrium  conditions,  the  electric  field  at  a  reference 
point  must  be 

E,  -  -  volts/meter.  (50) 

If  the  discharger  system  detects  an  inequality  or  de¬ 
parture  from  the  conditions  required  by  Equation  (50), 
there  will  be  excess  surface  charge  on  the  aircraft.  This 
condition  will  represent  an  error  signal  in  the  control  sys¬ 
tem  which  can  be  used  to  drive  the  off-flowing  current 
from  the  discharger  to  reestablish  a  minimum  error  con¬ 
dition. 

To  accomplish  this,  an  active  helicopter  discharger 
system  will  consist  of:  (1)  the  necessary  electric  field  and 
space  charge  sensors,  (2)  an  electrostatic  discharger  sys¬ 
tem  capable  of  generating  off-flowing  countercurrent 
from  the  aircraft  to  the  surrounding  atmosphere  at  a 
magnitude  at  least  as  great  as  the  on-flowing  currents 
which  charge  the  aircraft,  (3)  a  microprocessor  system 
control  unit,  and  (4)  an  appropriate  readout  indicator. 
These  system  components  would  be  integrated  into  a 
closed-loop  control  system  that  senses  the  electrostatic 
conditions  on  the  aircraft  and  determines  the  necessary 
discharger  operation  to  control  excess  charge  buildup  on 
the  aircraft.  The  electrostatic  conditions  on  the  aircraft 
must  be  measured  by  multiple-point  electric  field  sensors 
and  space  charge  samplers.  Multiple-point  electric  field 
sensors  are  required  for  resolving  the  magnitude  of  the 
earth's  natural  electric  field  component  and  for  accu¬ 
rately  characterizing  the  conditions  around  a  large  air¬ 
craft. 

CONCLUSIONS 

(1)  The  electric  field  measured  at  any  reference 
point  In  the  test  chamber  is  the  sum  of  three  field  compo¬ 
nents  related  to:  (a)  the  applied  external  field,  (b)  the  sur¬ 
face  charge  on  the  model,  and  (c)  the  surrounding  space 
charge.  Each  of  these  can  be  separated  by  linear  superpo¬ 
sition  laws. 

(2)  Separation  of  the  electrostatic  parameters  in 
the  empirical  and  analytical  analyses  of  the  model  show 
that  the  geometric  coefficients  are  functions  of  the  test 
model  height. 

(3)  The  potential  on  the  model  (helicopter)  can  be 
inferred  by  measuring  the  model  height,  H;  the  surround¬ 
ing  space  charge  density,  p\  the  external  electric  field 
component,  E,,;  and  the  electric  field,  Er  at  a  reference 
location  on  the  model  once  the  companion  geometric  co¬ 
efficients  for  each  parameter  have  been  empirically 
derived  from  experimental  tests. 

(4)  The  potential  of  the  spherical  model  can  be 
determined  from  electrostatic  measurements  at  the 
ground  plane  below  the  model,  at  the  south  pole  of  the 


sphere,  or  at  the  end  of  a  simulated  cargo  hook  sus¬ 
pended  from  the  south  pole. 

(5)  The  effects  of  electric  fields  within  the  test 
chamber  in  the  range  of  ±100  V/m  can  be  neglected  with¬ 
out  significantly  affecting  the  voltage  on  the  model.  With 
helicopters  hovering  in  flight,  the  external  electric  field 
from  the  earth  can  significantly  affect  the  voltage  on  the 
helicopter,  since  the  altitudes  are  generally  greater  than 
the  test  heights  used  in  the  model  tests. 

(6)  If  the  external  electric  field  component  is 
neglected,  the  spherical  model  potential  at  a  given  height 
can  be  inferred  from  a  single  electric  field  sensor  on 
board  the  model  and  a  space  charge  density  mea¬ 
surement. 

(7)  In  general,  since  the  external  electric  field  from 
the  earth  cannot  be  neglected  for  helicopters  hovering  in 
flight,  the  magnitude  of  this  field  component  must  be 
measured  for  voltage  computational  purposes  by  the 
electric  field  instrumentation  on  board  the  aircraft. 

(8)  The  methodology  used  for  determining  the 
geometric  coefficients  for  the  model  can  be  extended  and 
applied  directly  to  full-scale  helicopters. 

(9)  The  empirical  relationships  developed  for 
inferring  the  potential  on  the  model  were  demonstrated 
to  be  accurate  in  representing  the  data  trends  of  the  con¬ 
trolled  experimental  tests  performed  in  the  electrostatic 
chamber. 

(10)  Data  from  the  on-board  electric  field  sensors 
indicate  that  the  south  pole  measurements  contained 
more  useful  information  related  to  height,  surface 
charge,  and  voltage  variations  on  the  spherical  model 
than  data  from  the  equator  and  north  pole  sensors. 

(11)  The  presence  of  surrounding  space  charge, 
even  for  relatively  small  magnitudes  of  charge  density, 
will  have  significant  effects  upon  on-board  electric  field 
readings  used  for  voltage  sensing  instrumentation  pur¬ 
poses. 

(12)  Under  some  electrostatic  conditions,  the  elec¬ 
tric  fields  resulting  from  space  charge  surrounding  the 
aircraft  can  cause  apparent  zero  electric  field  mea¬ 
surements,  even  though  the  voltage  on  the  model  (air¬ 
craft)  may  be  very  high.  Hence,  the  space  charge  density 
must  be  measured  and  used  in  the  potential  analysis. 

(13)  From  the  voltage  sensor  expression  derived  in 
the  empirical  and  theoretical  analyses,  the  model  (heli¬ 
copter)  voltage  will  be  zero  whenever  the  electric  field 
condition  Er  »  -[GgEg  +  G2p]/Gl  is  satisfied  at  a  given 
reference  measurement  point. 

(14)  An  automatic  feedback  control  noncontacting 
electrostatic  sensor  for  helicopters  can  be  developed  that 
would  maintain  the  zero  electrostatic  field  condition  on 
the  aircraft  as  defined  below. 

(15)  Additional  design  and  development  work  will 
be  required  to  produce  instrumentation  suitable  for  use 
with  an  active  electrostatic  discharger  system  in  order  to 
operate  reliably  in  the  helicopter  flight  environment  and 
to  provide  faster  response  times. 

(16)  In  the  model  tests,  the  G2  coefficient  related  to 
space  charge  density  is  well  defined  because  of  the  physi¬ 
cal  constraints  of  the  chamber  facility.  In  full-scale  heli¬ 
copter  flight  conditions,  however,  the  space  charge 
envelope  around  the  helicopter  will  be  dynamic  and  diffi¬ 
cult  to  define.  These  variations  will  affect  the  value  of  the 


G2  coefficient  in  a  statistical  manner.  In  contrast  to  this, 
the  G0  and  G,  coefficients  associated  with  the  external 
field  and  the  on-board  electric  field  measured  at  the  sen¬ 
sor  reference  point  may  be  readily  determined  under  full- 
scale  helicopter  flight  conditions,  since  these  coefficients 
are  not  dependent  upon  surrounding  space  charge  ef¬ 
fects.  Even  with  some  variations  and  uncertainty  in  the 
G2  coefficient,  the  helicopter  can  be  discharged  by  an 
active  discharger  system  to  energy  levels  that  are  quite 
safe  to  ground  personnel  if  practical  measurements  of 
average  space  charge  density  can  be  made  and  updated  in 
a  timely  manner. 

(17)  The  length  of  the  cargo  hook  is  an  important 
parameter  that  must  be  considered  in  future  model  or 
full-scale  helicopter  tests.  The  suspended  cable  length  will 
affect  the  values  of  the  derived  geometric  coefficients. 

(18)  Model  testing  has  been  an  effective  means  for 
conducting  controlled  laboratory  experiments  for  study¬ 
ing  the  requirements  for  on-board  helicopter  voltage  sen¬ 
sing  techniques. 

(19)  The  theoretical  solution  obtained  for  Poisson’s 
equation  for  a  sphere  between  two  parallel  plates  can  be 
modified  to  derive  first-order  approximations  of  the  elec¬ 
trostatic  geometric  coefficients  for  actual  helicopters  by 
formulating  and  solving  the  problem  as  a  sphere  above  a 
single  image  plane  representing  the  earth.  In  the  same 
manner,  the  solution  techniques  can  be  extended  further 
to  include  a  more  complex  geometry  configuration,  such 
as  a  prolate  spheroid,  which  more  closely  resembles  the 
helicopter  shape  of  interest.  For  complex  helicopter  geo¬ 
metries,  a  closed  solution  of  Poisson’s  equation  becomes 
impractical.  In  these  cases,  the  electrostatic  voltage  and 
field  distributions  can  be  found  indirectly  by  computer 
numerical  modeling  using  integral  equation  formula¬ 
tions. 
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Tahiti 

Taat  #1  -  Charging  Potantlala  and  Floor  Elactrio  Fiakla  In  Chargt-Fraa  Taat  Chambor 


for  V, -Voip-0 


Sphara 

Haight 

Him) 

Charging 

Potential 

V.(kV) 

Ei/V. 

0.91 

+  2.6 

-8.77 

-3.51 

1.07 

+  2.6 

-5.18 

-2.07 

1.22 

+  6.0 

-6.72 

-1.34 

1.62 

+  10.0 

-7.36 

-0.74 

— E— 

+  20.0 

-9.17 

-0.46 

mmammmm 

+  20.0 

-6.36 

-0.32 

2.44 

+  20.0 

-4.64 

mmK&zmmi 

2.74 

+  20.0 

-3.38 

-0.17 

3.06 

+  20.0 

_ -JM _ 

-0.13 

Tablt2 

Taat  #2  -  Charging  Potantlala  and  Floor  Elactrio  Fiakla  In  Chargt-Fraa  Taat  Cl«mbar 


forV.-V^p-O 


Charging 

Potential 

V.(kV) 

Elactric  Fiald 
at  Floor  Sanaor 
E,(kV/m) 

Ef/V. 

-  9.16 

— 533— 

1.07 

-10.50 

UMBESTiHH 

1.22 

+  6.0 

-  7.06 

-1.41 

1.62 

+  6.0 

-  3.92 

-0.78 

1.83 

+  10.0 

-  4.84 

-0.48 

+  10.0 

-  3.36 

-0.34 

2.44 

+  10.0 

-  2.36 

-0.24 

2.74 

+  10.0 

-  1.77 

-0.18 

3.06 

+  10.0 

-  1.30 

-0.13 
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TaW*3 

Test  #3  -  Charging  Potential*  and  Floor  Satiric  Field*  In  Chargt-FWad  Tati  Chamber 


forV.-Vjp^O 


Sphara 

Haight 

Him) 

SpacaCharga 

Density 

plnC/rrP) 

Charging 

Potential 

V.lkV) 

Electric  FlaM 
at  Floor  Seneor 

E,  IkV/m) 

0.91 

-8.09 

+  2.5 

-8.88 

1.07 

-7.48 

+  6.0 

-9.60 

1.22 

-8.80 

+  5.0 

-0.19 

1.62 

-7.06 

4  6,0 

-2.66 

1.83 

-7.46 

+  10.0 

-3.10 

2.13 

-7.36 

+  10.0 

-  1.50 

2.44 

-7.17 

+  10.0 

-0.10 

2.74 

-7.30 

+  10.0 

+  0.76 

3.06 

_ _ -7  49. _ 

+  10.0 

+  1.30 

for  V, «  0;  p  »*  0 

Sphara 

Space  Cltarge 

Electric  Field 

Haight 

Density 

at  Floor  Sensor 

Him) 

p  InC/m1) 

E.lkV/m) 

0.91 

-6.80 

+  0.06 

1.07 

-7.48 

+  0.21 

1.22 

■4.80 

+  0.33 

1.52 

-7.06 

+  0.88 

1.83 

-7.46 

+  1.60 

2.13 

-7.36 

+  1.63 

2.44 

-7.17 

+  1.73 

2.74 

-7.30 

+  2.06 

_ m _ 

-7.00 

+  1.86 

Tabla4 

Taat  m  -  Charging  Potantlaia  and  Modal  Satiric  Field*  In  Charga-Fraa 
Tact  Chambar 


forV.-V^p-O 


Sphere 

Haight 

Him) 

Charging 

Potantla! 

V.lkV) 

Electric  Fialda  at  Modal 

Sensor*  IkV/m) 

E. 

E. 

E.  .... 

0.91 

+  1.0 

1.90 

1.90 

4.00 

1.07 

+  1.0 

1.90 

1.90 

3.30 

1.22 

+  1.0 

2.00 

1.90 

2.80 

1.52 

+  1.5 

2.70 

2.00 

3.20 

1.83 

+  2.0 

3.30 

3.30 

3.00 

2.13 

+2.0 

3.40 

3.30 

3.70 

2.44 

+2.6 

4.00 

4.10 

4.00 

2.74 

+  2.6 

380 

4.20 

4.00 

3.06 

+  2.5 

3.80 

4.20 

4.00 
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Table  6 

Tact  #2  -  Charging  Potential*  and  Modal  Electric  Field* 
in  Charge-Froe  Teat  Chamber 


1orV,«l,5kV;p-0 


Sphere 

Charging 

Electric  Fields  at  Model 

Height 

Potential 

Sensors  (kV/m) 

Him) 

V.lkV) 

E« 

MT3— : 

-E*.- 

iHdinBi 

+  1.603 

2.38 

msm 

6.62 

1.07 

+  1.482 

2.28 

2.69 

WKE3K 

1.22 

+  1.498  ' 

BM 

2.67 

3.41 

1.62 

+  1.600 

2.60 

2.82 

1.83 

+  1.496 

2.21 

2.40 

2.61 

2.13 

HE^i 

2.26 

2.39 

2.61 

2.44 

■OiKM 

2.29 

H£» 

2.63 

2.74 

2.28 

2.33 

2.S1 

3.06 

iBEPSEP 

2.31 

2.32 

2.66 

Tables 

Teat  #3  -  Charging  Potentiate  and  Model  Electric  Fields  In  Charge-FUIed  Test  Chamber 


forV.-V^p^O 


Sphere 

Height 

Him) 

Space  Charge 
Density 

0  InC/m3) 

Charging 

Potential 

V.lkV) 

Electric  Fields  at  Model 

Sensors  (kV/m) 

E. 

....  E. 

0.91 

-7.33 

+  1.0 

6.60 

— 

4.20 

1.07 

-7.29 

+  1.0 

8.96 

3.40 

1.22 

-8.46 

+  1.0 

7.60 

6.80 

3.26 

1.62 

-8.18 

+  1.6 

8.80 

7.40 

4.80 

1.83 

— H£— 

+  2.0 

8.66 

7.86 

6.60 

2.13 

mmsmm 

+  2.0 

wai 

7.90 

6.00 

2.44 

-7.81 

+  2.6 

8.60 

7.20 

2.74 

-7.63 

+  2.6 

9.00 

9.00 

7.60 

3.06 

-7.49 

+  2.6 

8.96 

9.06 

7.80 

Table  7 

Test  *4  -  Measured  Electric  Fields  on  Sphere  in  Charge-Filled  Teat  Chamber  Using 
Fully  Instrumented  Model 

V.-V^O 


Sphere 

Height 

Him) 


Spaco  Charge 
Density 
p.lnC/m») 


Charging 

Potential 

V.(kV) 


Electric  Fields  at  Model 
Sanaor*(kV/m) 


T. 


0.91 


1.07 


-10.04 


+  1.0 


8.20 


4.90 


-10.49 


+  1.0 


8.70 


4.96 


4.40 


3.30 


1.22 


-  9.38 


+  1.0 


7.06 


4.76 


3.10 


1.62 


1.83 


-  8.76 


+  1.6 


8.10 


-  9.64 


+  2.0 


9.46 


6.80 

"7.30 


4.30 


6.80 


2.13 


-  9.24 


+  2.0 


8.80 


7.00 


6.00 


2.44 


2.74 


3.06 


-  8.69 


+  2.6 


3.86 


-  9.68 


9.00 


-10.61 


8.80 


6.70 


7.10 


7.40 


+  2.6 


7.66 

7.80 

8.20 


- OBLATE  SPHEROID  MODEL 
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Fig.  4  -  Electric  field  at  the  surface  of  the  sphere 

Z 

t 


Fig.  5  -  Sphere  embedded  in  cylindrical  space  charge 
region  between  infinite  parallel  plates 


Fiy.  9  -  Roof  ground  plane,  charge  injection  pipe,  model 
hoist,  and  fiber  optic  bundle 
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Fig.  1  i  -  Charge  generating  antechamber 
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Fig.  19  -  Test  configuration  for  on-beard  dectric  field 
measurements 
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Fig.  20  -  G,  geometric  coefficient  as  a  function  of  height 
for  ground  plane  sensor 


Fig.  21  -  Ga  geometric  coefficient  as  a  function  of  height 
for  ground  plane  senior 
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Fig  26  -  G,  geometric  coefficient  as  a  function  of  height 
for  south  pole  sensor 
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Fij.  34  -  Capacitance  of  sphere  between  parallel  plates— 
measured  and  theoretical  values 
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Electrostatic  Charging  Occurlng  in  a  Vortex 
Trailed  from  the  Tip  of  a  Lifting  Surface 

Henry  P.  Velkoff  and  John  W.  Dougherty 


ABSTRACT 

Because  of  the  high  electrostatic  potentials  built  up  on  helicopters  operating 
in  dusty  or  dry  snow  environments,  an  investigation  was  undertaken  to  evaluate  what 
contribution  the  vortex  roll-up  at  the  tip  of  a  rotor  blade  could  sake  to  the  rate 
of  charging.  If  the  vortex  could  generate  charge  separation  and  an  internal  elec¬ 
trical  field,  then  impingement  of  the  vortex  with  the  other  surfaces  of  the  heli¬ 
copter  could  lead  to  increased  charging  rates. 

A  program  was  undertaken  to  investigate  the  vortex  geometry,  particle  distri¬ 
bution  and  electric  field  distribution  in  a  trailing  vortex  shed  from  an  airfoil 
tip  placed  in  a  dust  laden  flow.  A  differential  airfoil,  positioned  in  a 
subsonic  wind  tunnel,  generated  the  trailing  vortex.  Dust  conditions,  typical  of 
helicopter  landing  zone,  were  simulated  by  seeding  the  wind  tunnel  flow  with  P.V.C. 
plastic  pellets,  #3  sand,  and  #120  sand. 

A  vaned  probe  was  used  to  measure  the  vortex  geometry.  A  particle  impact  probe 
and  a  miniature  field  meter  were  used  to  map  the  particle  distribution  and  electric 
field  distribution  across  the  trailing  vortex.  Vortex  geometry  particle  distribu¬ 
tion  and  electric  field  intensity  were  measured  throughout  the  plane  normal  to  the 
wind  tunnel  axis  at  several  locations  downstrem  from  the  airfoil. 

The  particles  in  the  trailing  vortex  create  a  quasi-steady  electric  field  with 
contours  of  constant  electric  field  similar  in  appearance  to  the  particle  distribu¬ 
tion  contours.  The  electric  field  strength  was  found  to  increase  nearly  linearly 
with  radial  distance  from  the  vortex  center  within  the  field  of  measurement. 


This  paper  was  not  available  for  incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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..3 li copters  are  electrically  charged  during  their  flight.  The 
electric  charge  generates  an  electric  field  in  the  hallcopteri  vicinity 
which  can  be  measured.  By  such  electric  field  measurements,  the  detec¬ 
tion  and  localization  of  flying  helicopters  is  possible  in  principle. 
Numerous  systematical  investigations  have  been  performed  in  connection  . 
with  different  types  of  helicopters  flying  over  ground  .baaed  electrio 
field  sensors.  Supplementary  electric  field  sensors  vnra  telemetric 
guided  in  the  vicinity  of  hovering  helicopters.  The  experimental 
results  were  ojmpared  with  theoretical  computations  about  electric 
field  distributions  of  electric  charged  helicopters  hovering  near 
trees  and  buildinge. 
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HELICOPTERS  OURIfG  FREE  FLIGHT  are  in  a  specific 
electrically  charged  condition.  Nunifcroua  experi¬ 
mental  and  theoretical  investigations  have  been 
performed  to  understand  the  charging  and  dis¬ 
charging  processes  in  connection  with  aircraft 
and  helicopters.  For  many  years  it  has  been 
known  that  an  aircraft  operating  in  an  en- 
vironmentcontcining  particulate  material  such  as 
snow,  ice  crystals,  rain  and  duct  will  become 
electrified.  By  this  effect  the  potential  of  the 
aircraft  is  increased  to  a  level  beyond  which 
corona  discharges  may  occur. 

The  charging  of  helicopters  gives  on  the 
one  hand  rise  to  unwanted  disturbances.  The  high 
potential  of  helicopters  and  aircraft  may  tor 
example  lead  to  the  winchmatt's  endangering  or  to 
corona-generated  interference  in  aircraft. 
Numerous  reports  and  publications  are  known 
concerning  the  development  of  electrostatic  dis¬ 
charge  systems  in  connection  with  different 
types  of  helicoptern  -  see  e.  g.  (1,2). 

On  the  other  hand  the  electric  charge  on 
helicopters  generates  an  electric  field  in  the 
helicopters  vicinity  which  can  be  measured.  By 
such  electric  field  measurements  the  detection 
and  the  localization  of  flying  helicopters  is 
possible  in  principle.  In  this  connection  it  is 
interesting  to  know  the  distance  up  to  which  the 
electric  field  detection  of  helicopters  may  be 
possible  even  if  the  helicopter  is  hovering  or 
flying  in  the  vicinity  of  trees  and  buildings. 

Concerning  charged  projectiles  and  aircraft 
it  is  already  published  how  the  electric  field 
transported  by  the  flying  object  provides  infor¬ 
mation  by  which  measuring  the  position  and  velo¬ 
city  la  possible  -  see  e.  g.  (3,4). 

Numerous  systematica)  experimental  invest¬ 
igations  have  been  performed  in  cunnection  with 
different  types  of  helicopters  concerning  the 
charging  and  the  electric  distribution  in  the 
helicopters  vicinity.  The  experimental  results 
were  compared  with  theoretical  computations.  The 
computations  deliver  quantitative  electric  field 
distributions  near  electric  charged  helicopters 
and  they  take  into  account  electric  field  dis¬ 
turbances  caused  by  trees  nnd  electric  charged 
clouds. 

EXPERIMENTAL  DEVICE 

The  investigations  concerning  the  electric 
field  in  the  vicinity  of  helicopters  were  con¬ 
ducted  during  undisturbed  free  flight,  under  the 
influence  of  external  disturbance  by  Uto-  and 
buildings  and  finally  during  hovering  flight 
over  sand,  earth  and  meadows.  The  most  important 
parameter  describing  the  charging  and  discharg¬ 
ing  process  in  the  value  of  the  helicopter 's 
charge.  To  measure  the  electric  charge  without 
touching  the  helicopter,  special  senaora  were 
placed  in  the  vicinity  of  the  flight  path  of  the 
helicopter.  As  shown  in  Fig.  1,  the  electric 
charge  Q  is  generated  on  a  sencor  when  a  charge 
Q0  passes  the  sensor.  There  are  two  methods  to 
measure  the  charge  generated  on  the  aenuor: 

i)  The  sensor  is  coupled  to  the  Input  of  a 
charge  amplifier.  Then  the  output  vultaga 
U^Ct)  of  the  charge  amplifier  ia  proport¬ 


ional  to  the  charge  Q(t)  generated  on  the  sensor. 

2)  The  voltage  UR(t)  is  proportional  to  the  time 
dg^ivative  ofnQ(t). 

Both  signals  Ur^t)  and  UR(t)  are  represented  in 
Fig.  1,  The  •itjnals  were  recorded  by  means  of 
storage  oscilloscopes,  transient  recorders,  or 
magnetic  tape  units. 

Additionally  to  the  ground  based  sensors 
tc.lemntric  guided  electric  field  sensors  in¬ 
stalled  on  model  aircraft  were  used  to  investi¬ 
gate  thy  electric  field  disturbances  in  the 
vicinity  of  trees  and  buildings. 

The  investigations  were  performed  in 
connection  with  three  different  types  of  neli- 
copters: 

1)  ALOUETTE,  1,2  -  1,6  t,  v(max)=  2o3  Km/h 

2)  UH-1D,  2,3  -  4,3  t,  v(max)=  224  km/h 

3)  CH-53,  lo,4  -  19  t,  v(max)=  315  Km/h 

In  Fig.  2  these  helicopters  are  shown  during  the 
measuring  process  flying  over  electric  field 
sensors  installed  on  a  meadow  and  hovering  near 
the  measuring  vehicle  equipped  with  instru¬ 
mentation  as  oscilloscopes,  amplifiers  and 
magnetic  tape  units. 

EXPERIMENTAL  RESULTS 

In  the  following  Borne  typical  menaurement 
results  are  presented  which  were  selected  out 
of  a  variety  of  more  than  2oo  individual  tests. 

In  Fig.  3  signals  are  shown  which  are  pro¬ 
duced  by  a  helicopter  type  UH-1D  passing  dif¬ 
ferent  senaora  with  constant  velocity  but 
different  flight  altitudes.  It  is  recognizaole 
that  the  main  signal  originated  by  the  electric 
charge  Q0  on  the  helicopter  according  Fig.  1 
is  modulated  by  the  rotating  rotor  blades.  The 
signals  are  rather  otrong  and  reproducab! e , 

In  Fig,  4  and  5  similar  results  are  shown 
concerning  helicopter  type  CH-53  and  Alouette. 

The  signals  produced  by  CH-53  aro  much  stronger 
than  the  eignals  originated  by  Alouette.  If  the 
CH-53  passes  With  rather  low  distance  to  the 
measurement  equipment  or  to  the  earth  corona 
generated  noise  is  recognizable. 

Such  experimental  results  In  connection 
and  in  comparison  witn  theoretical  computations 
regarding  different  assumptions  about  the 
electric  charge  distribution  on  the  helicopter's 
surface  lead  to  o  model  conception  about  the 
electric  charqing  of  helicopters  and  about  the 
electric  field  distribution  in  the  helicopter's 
vicinity.  Thn  modal  conception  derivsd  for  the 
helicopter  UH-1D  is  atuwn  in  Fig.  6. 

Outgoing  from  this  model  conception  and 
outgoing  from  the  measured  electric  field 
strength  originated  of  char-jed  helicopters  an 
estimation  is  po-ioible  about  the  range  of  the 
helicopters  detection.  For  this  purpose  theo¬ 
retical  computations  and  additional  investi¬ 
gations  are  necessary  about,  the  electric  field 
disturbances  produced  in  the  vininity  cf  heli¬ 
copters  by  trees  end  buildings. 

THEORETICAL  COMPUTATIONS 

The  flying  or  hovering  helicopter  ia  more 
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or  less  electrically  charged  and  produces  en 
electrical  fielu.  Besides  the  helicopter  gener 
rated  electric  field  however  exists  the  rather 
strong  atmospheric  electric  field  which  inter¬ 
acts  with  the  helicopter  ar«d  e.g.  the  trees  on 
the  earth.  The  atmospheric  electric  field  is 
characterise*  by  positively  or  negatively  values 
up  to  more  chan  loo  v/m  .  In  Fig.  7  some  typi¬ 
cal  and  reelistic  situations  are  shewn  in  prin¬ 
ciple  concerning  hovering  helicopters  with 
different  charge  values  partly  in  the  vicinity 
of  trees. 

Numerous  mathematical  correlations  could 
be  derived  between  ths  electric  field  distri¬ 
bution  on  the  surface  of  the  earth  ground  re¬ 
garding  different  assumptions  about  the  presence 
of  frees  and  charged  helicopters. 

In  Fig.  8  some  exair.plus  are  shown  con¬ 
cerning  a  charged  helicopter  flying  ovei  the 
ground  with  twe  different  treee  influenced  by 
the  (atmospheric  electric  field  (3).  The  vari¬ 
ation  of  the  electric  field  strength  O' •  ling  the 
helicopter's  passing  is  clearly  recognizable. 

In  Fig.  9  an  electric  field  sensor  i*‘  tele¬ 
metric  guided  passing  an  artificial  charged  mast 
and  a  tree  in  the  influence  of  the  atmospheric 
electric  field.  The  electric  signal  measured  by 
the  flying  sensor  and  registered  by  telemetric 
system  is  •iho'in.  Additionally  theoretical  compu¬ 
tations  were  performed  concerning  the  electric 
field  etrengto  which  is  registered  by  the  flying 
sensor. 

A  comparison  between  experimental  and  theo¬ 
retical  results  gives  a  rough  uruaratarsJing 
about  the  reality  concerning  the  electric  field 
distribution  in  the  vicinity  of  electric  uherged 
helicopters  «r»d  influenced  by  the  *  imoaphp^ic 
electric  field  in  the  presence  of  trees. 

The  realized  computor  prugiamme  allows  to 
plot  in  a  three  dimensional  manner  the  electric 
field  strength  distribution  assuming  vuite 
different  situations  concerning  charged  hull- 
coptera  flying  Xt\  the  vicinity  o?  trass  and 
buildings.  Further  experimental  and  thsorcticel 
investigations  are  ongoing. 

SUMMARY  AND  CONCLUSION 

The  experiment et  and  theoretical  investi¬ 
gations  lead  tn  y  £oc*d  understanding  ah  nt  the 
electric  field  strength  end  distribution  in  thi» 
flying  helicopter';*  vicinity.  The  experimental 
results  show:  "■•■k 

Helicopters  are  a ledirically  charged 
dependent  on /Heir  six*  in_th«.  range  of  lo'* 

As  concerning  smell  and '  An**  sa  concerning  1  ; 

large  helicopters.  The  charge"  value  it*  moutly 
positively.  Rainy  and  wet  weather  leads  to 
relctively  smell  charge  values.  The  charge 
d j  ©trx’juted  on  the  heliccpterc  .surface  produces 
?  ratmr  strong  electric  field  in  the  heli- 
coptu/a  vicinity  which  ia  riearurable  by  simple 
sensor  ei'ctrodea.  The  riectroutatic  field  Is 
modulated  by  the  rotating  muinrotor  blades, 
dependent  of  tne  characteristics  of  the  hell- 
ccptat  construction.  This  effect  ip  particularly 
strong  concerning  tha  helicopter  UH-lfJ  equipped 
with  only  ana  double  mainrotor  blade. 


It  is  possible  to  dc-toct  helicopters  flying 
in  an  environment  without  trees  end  buildings  in 
a  range  of  up  to  2oo  m  by  e-.actric  field  mea¬ 
surements.  This  wide  range  is  available  particu¬ 
larly  when  utilising  the  electric  field  modu¬ 
lation  effect  taking  in  account  the  constant 
rotation  frequency  of  the  mainrotor. 

Howevei  in  tf»e  presence  of  trees  anc 
buildings  etrong  field  disturbances  occur  ori¬ 
ginated  by  the  atmospheric  electric  field.  In 
such  disturbed  em/jirommertt  the  range  to  detect 
flying  helicopters  by  electric  field  measure¬ 
ments  is  diminished  down  to  some  lo  m. 

The  theoretical  computations  concerning 
electric  field  distributions  in  the  environment 
with  trees,  buildings,  charged  aircraft  ur  heli¬ 
copters  demonstrate  the  possibility  to  get  nume¬ 
rous  informations  about  the  structure  of  tide 
urivi torment  by  simple  electric  field  measurements. 
Thio  kind  of  Electric  Fisld  Detection  And  Rang¬ 
ing  (EFDAR)  will  be  inquired  oy  further  experi¬ 
mental  and  theoretical  investigations. 
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Fig.  3  -  Helicopters  UH  -  1  D  flying  over  dif¬ 
ferent  sensors  S  1  and  S  2 


Fig.  4  -  Helicopter  CH  -  53  flying  over  two  sen 
eors  S  I  and  S  2.  The  distance  from  S  1  to  S  2 
is  25  m 


Fig.  6  -  Model  conception  about  the  helicopter 
charging 


Fig.  5  -  Helicopter  Alouette  flying  over  a  sen¬ 
sor  with  different  altitudes  and  velocities 
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Fig.  7  -  Electric  field  distributions  in  the 
vicinity  of  hovering  helicopters  under  the  in¬ 
fluence  of  atmospheric  positively  electric  field: 
1.  Helicopter  uncharged  2.  Helicopter  posi¬ 
tively  charged  3.  Helicopter  positively 
charged  near  a  tree 


Fig.  8  -  Computed  plots  concerning  the  electric 
field  distribution  generated  by  trees  under  the 
influence  of  the  atmospheric  electric  field.  A 
positively  charged  helicopter  passes  the  trees 


Fig.  9  -  Experimental  and  theoretical  results 
concerning  the  electric  field  distribution  in 
the  vicinity  of  trees  under  the  influence  of  the 
atmospheric  electric  field 


A  REALISTIC  APPROACH  TO  AIRCRAFT  LIGHTNING  PROTECTION 


G.  L.  Weinstock 

McDonnell  Aircraft  Company,  McDonnell  Douglas  Corporation 


ABSTRACT  ^ 

Lightning  protection  for  fighter  aircraft  is  presently  based  on  the 
requirements  of  MIL-B-5087  and  refined  by  the  recently  issued  MIL-STD-1757. 

These  documents  specify  current  and  energy  levels  sufficient  to  cover 
greater  than  99  percent  of  the  cloud-to-ground  strikes.  These  levels  are 
applied  tc  aircraft  according  to  lightning  strike  zones  established  by 
attach  point,  analysis  and  test.  The  application  of  these  specifications 
to  aircraft  is  made  without  consideration  of  mission,  probability  of 
strike  occurrence,  or  penalties  associated  with  protective  designs. 

Data  from  recent  in-flight  test  programs,  a  tabulation  of  aircraft  strike 
rate  per  aircraft  type,  and  an  examination  of  strike  damage  records,  all 
show  that  the  requirements  may  be  too  stringent  and  that  a  revision  to 
the  method  of  applying  lightning  specifications  to  aircraft  may  be  Justified. 

In  convent lonal  and  V/STOL  high-technology  fighter  aircraft,  weight 
has  a  direct  effect  upon  performance,  combat  effectiveness,  losses,  and 
life-cycle  cost.  Unnecessarily  stringent  lightning  protection  requirements 
can  add  weight  out  of  proportion  to  the  lightning  risk.  A  systematic 
method  of  tailoring  requirements  to  risk  or  damage  probability  is  desir¬ 
able  to  provide  a  more  balanced  protective  design.  This  paper  presents 
a  probabilistic  approach  to  the  design  of  aircraft  lightning  protection 
which  may  be  a  useful  method  of  avoiding  conventional  worst  case  design 
penalties^, 

THE  PURPOSE  OF  THIS  PAPEP.  is  to  present  a  new  For  example,  the  strike  rate  for  fighter/ 

approach  to  lightning  protection  for  tactical  attack  type  aircraft  was  lias  than  one  strike 

military  aircraft  based  upon  realistic  per  100,000  flight  hours  whereas,  the  rate 

probabilities  of  strike  parameters  and  dam-  used  as  a  specification  for  protection  design 

age.  is  on  the  order  of  one  strike  per  5,000  flight 

In  recent  years,  there  has  been  an  in-  hours.  This  data  clearly  implies  the*-  the 

creased  emphasis  in  providing  lightning  pro-  strike  rate  specification  is  overly  severe, 

tectiou  for  tactical  aircraft.  New  specifi¬ 
cations  of  the  lightning  environment  have  been  APPROACH 

generated  and  some  old  specifications  have 

been  provided  with  expanded  interpretations.  A  more  quantitative  definition  of  the 

These  new  lightning  descriptions  have  gen-  "correct"  specification  can  be  made  by 

erally  been  based  upon  compilations  of  cloud-  applying  statistical  methods  to  the  inflight 

to-ground  strikes  gathered  by  Stanford  R n-  strike  data.  Of  primary  interest  is  a 

search  Institute  under  contract  to  McDonnell  definition  of  the  probability  distribution  for 

Douglas  Astronautics  and  published  in  1972[1J.  strike  frequency  (i.e,  strikes/flight  hour) 

Data  on  frequency  of  strikes  to  aircraft  has  versus  hours  of  flight.  Alternatively,  a 

been  based  primarily  upon  commercial  airline  definition  of  the  average  strike  frequency,  in 

experience.  Recent  information  and  an  terms  of  expected  value  and  range,  is  a  con- 

examination  of  old  data  strongly  suggests  venient  parameter  which  serves  the  same  pur- 

that  for  tactical  military  aircraft,  the  P°se.  That  is,  for  the  true  (but  unknown) 

lightning  specification  description,  the  average  stpike  frequency,  FA,  we  require  an 

current  amplitudes,  and  the  frequency  of  air  estimator  such  tfcat  by  using  available 

strikes  are  overly  severe.  data,  we  may  bound  F^as  <_  <_  Fy  where 

the  probability  that  F,  lies  outside  the  range 

BACKGROUND  (F  ,  F  )  is  less  than  any  desired  percent. 

Performing  an  accurate  estimate  of  F. 

Based  upon  the  in-service  records  of  the  from  the  limited  data  is  made  even  more 

U.S.  Navy  on  lightning  strikes  to  aircraft [2] ,  difficult  because  the  "population  distribution 

the  actual  strike  frequency  is  lower  by  more  is  unknown.  That  is,  the  actual  distri- 

than  a  factor  of  10  than  that  used  for  design  bution  of  strike  amplitude  is  unknown  end 

of  lightning  protection  for  recent  aircreft.  cannot  be  assumed  to  be  "normal".  Thus, 

special  steps  must  be  taken  to  circumvent  this 
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difficulty.  One  possibility  is  to  utilize 
jaon-ptraaetric  methods  which  con  be  applied  to 
the  data  without  regard  to  the  population 
distribution.  This  is  easily  done,  however, 
non-parametric  methods  tend  to  be  "ineffi¬ 
cient"  in  that  it  takes  relatively  many  data 
points  to  provide  an  accurate  estimate  (i.e., 
to  define  a  narrow  range  for  the  estimated 
value) . 

An  alternative  to  the  non-parametric 
methods  is  to  construct  a  family  of  dis¬ 
tribution  curves  for  strike  frequency  versus 
conditions,  aircraft  type,  and  flight 
acenario.  A  composite  cumulative  distri¬ 
bution  curve  may  then  be  determined  by  using  a 
beat  fit  of  the  data.  Standard  techniques 
may  then  be  applied  to  this  "known"  dis¬ 
tribution  to  establish  the  range  for 

This  procedure  was  used  on  the  Navy  data 
[2]  to  find  a  best  fit  chi-square  distri¬ 
bution  which  was,  in  turn*  used  to  find 
bounds  for  F..  The  results  are  as  follows. 

For  an  interval  which  covers  99%  of  all 
strikes  (i.e.,  only  1%  of  the  composite  dis¬ 
tribution  curve  lias  oyteide  the  interval) , 
the  strike  frequency,  F^  was  found  to  lie  in 
the  range  (9.1  x  10  ,  2.8  x  10-5);  this 

corresponds  to  a  flight  hours/  strike  (i.e. 
1/F^)  range  of  <36,000,  110,000).  Note  that 
this  result  is  based  upon  the  use  of  all  data 
"lumped  together"  and  therefore  does  not  dis¬ 
tinguish  strike  frequency  versus  type  of  air¬ 
craft.  From  tha  data  available,  it  was  not 
possible  to  make  separate  quantitative  es¬ 
timates  for  each  aircraft  type,  however,  it  is 
clear  that  the  strike  frequency  for  non-patrol 
aircraft  is  substantially  leas.  For  example, 
the  99%  interval  for  fighter/attack  aircraft 
appears  to  be  in* the  range  of  (1.3  x  10  , 

5.9  x  10  )  for  F.  with  a  corresponding  flight 
hours  per  strike  of  (77,000,  169,000).  Re¬ 
gardless  of  what  the  exact  frequency  may  be, 
this  data  clearly  says  that  the  values 
typically  used  (~5QOO  hra/s trike)  ere  too 
severe. 

Similar  statistical  procedures  can  be 
applied  to  strike  amplituda  data  to  determine 
if  the  ground  based  lightning  statistics  are 
realistic.  Comparisons  can  be  made  either  for 
worst  case  (99th  percentile)  or  for  average 
strikes  (or  for  both).  The  primary  difficulty 
in  this  application  is  the  shortage  of  good 
flight  data.  In  order  to  develop  reasonable 
precise  estimates  (i.e.,  upper  and  lower 
bounds  on  the  estimator  which  are  relatively 
close),  there  must  be  e  fairly  large  date 
base.  This  is  particularly  necessary  for  the 
application  of  non-parametric  techniques  where 
the  estimators  are  less  efficient  because  no 
knowledge  of  the  cample  distribution  io 
presumed.  Since  the  only  flight  date  used  for 
this  evaluation  were  from  the  programs  con¬ 
ducted  by  NASA[3,  4,  5]  and  the  Air  Force, 
precise  confidence  bounds  could  not  be  es¬ 
tablished.  However,  for  estimation  purposes. 


an  approximate  value  of  the  average  strike 
amplitude  can  be  calculated  from  the  inflight 
data.  If  this  average  is  used  in  conjunction 
with  a  strike  amplitude  distribution  curve 
whitch  fits  ground  lightning  statistics,  then 
a  range  can  be  established  to  include  99%  of 
all  strikes.  Using  this  procedure,  a  value  of 
approximately  6.5  klloamperes  (KA)  was  found 
for  the  average  measured  strike  and  the  99% 
range  for  strike  amplitude  was  found  to  be 
(1.2KA,  65KA). 

Since  the  accuracy  of  this  procedure 
cannot  be  determined,  it  is  not  clear  what 
weight  to  give  to  the  results.  However,  the 
strong  implication  is  that  the  inflight 
Mghtning  threat  ia  less  severe  than  the 
ground  based  threat  traditionally  used  for 
the  design  of  aircraft  protection.  This 
agrees  with  a  recent  examination  of  approx¬ 
imately  10  strikes  to  fighter  aircraft 
radoaes  which  indicated  amplitudes  of  10 
klloamperes  or  less. 

The  significance  of  these  numbers  be¬ 
comes  apparent  when  compared  with  the 
typical  requirement  for  tactical  aircraft  of 
a  200KA  strike  every  5,000  flight  hours. 

The  location  of  strike  points  on  an  air¬ 
craft  should  also  be  considered  as  a 
probability  situation.  A  few  primary  attach 
points  (nose,  wing  tips,  tail  trailing  edge) 
are  involved  in  most  strikes.  Lightning  will 
attach  to  these  primary  points  when 
approaching  the  aircraft  from  wide  solid 
angles.  However,  some  initial  attach  points 
such  as  inboard  pylons  may  have  an  attach 
window  of  only  a  few  degrees  wide  by  a  few 
degrees  long.  The  probability  of  striking 
these  locations  with  a  direct  attach  strike  is 
small.  They  can  ba  assigned  a  probability 
figure  based  upon  the  solid  angle  involved. 

An  example  would  bo  an  inboard  pylon 
that  tests  have  shown  can  only  be  an  attach 
point  from  the  underneath  side  of  the  wing. 

If,  for  this  inboard  pylon,  if  we  assume  a 
solid  angle  corresponding  to  a  cone  of  angle 
ij i  (ii  email),  the  ratio  of  solid  angle  to  the 
total  sphere  is  ir il>2  .  For  ^  ■  2  degrees, 

4 . 4x  _5 

(.035  radians),  the  ratio  is  7.6  x  10  a 
,00008  or,  assuming  both  attach  and  exit 
points,  the  ratio  is  0.00016.  If  we  now 
consider  that  there  is  1  strike  every  100,000 
flight  hours  we  expect  one  strike  eachiPP»QQQ 

0.00016 

«  625,000,000  flight  hours  to  the  inboard 
pylon. 

Considering  a  1,000  aircraft  fleet  and 
an  average  life  of  10,000  flight  hours  per 
aircraft  there  is  then  only  a  1.6% 
probability  that  any  aircraft  in  the  total 
fleet  life  will  be  struck  on  that  pylon.  If 
it  is  further  assumed  that  a  20KA  strike  will 
cause  no  dairage,  then  the  probability  of 
strike  amplitude  and  strike  rate  can  ba  com¬ 
bined  to  provide  a  probability  of  damage. 

From  previous  paragraphs  it  could  be  assumed 
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that  there  is  about  a  5%  probability  (95th 
percentile)  that  any  strike  would  exceed 
20KA.  This  yields  a  probability  of  damage  to 
the  inboard  Pylon  for  all  aircraft  of  0.05  x 
0.016  *■  8  x  10  .  In  this  manner,  a 

probability  of  damage  or  risk  factor  could 
be  defined  for  each  aircraft  type  and 
mission.  In  many  cases  it  may  not  be 
advisable  to  incur  a  lightning  protection 
penalty  for  such  a  low  probability  of  damage. 

Swept  stroke  areas  are  also  affected  by 
improbable,  but  possible,  attach  points.  By 
eliminating  an  attach  point  based  upon  a  low 
strike  probability,  significant  aircraft 
fuselage  areas  may  be  exempted  from  swept 
stroke  protection.  Using  the  inboard  pylon 
as  an  example,  the  swept  stroke  area  could 
include  parts  of  wings  and  stabilator.  This 
swept  stroke  area  should  first  be  examined 
to  determine  if  lightning  protection  is  re¬ 
quired  and  if  so,  what  penalties  are 
incurred.  Then,  a  probability  of  damage 
should  be  computed.  A  trade  study  of  risk 
versus  penalty  should  then  bo  used  to  decide 
if  protection  is  to  be  applied. 

The  extensive  use  of  composite 
materials  makes  the  application  of  overly 
stringent  requirements  exceedingly  expensive 
both  in  dollars  and  in  aircraft  performance. 
For  example,  our  tests  have  shown  that  a 
typical  fastener  in  a  carbon  fiber  composite 
(CFC)  structure  can  carry  a  25KA  lightning 
strike  without  strength  degradation  and  that  a 
bonded  lap  joint  can  transfer  approximately 
2KA/in2  also  without  damage.  Thus,  de¬ 
pending  upon  the  magnitude  of  this  lightning 
strike  requirement,  protection  may  or  may  not 
be  required.  Approximately  5  plies  of  CFC 
cloth  (0.05  inches)  is  required  to  withstand 
the  100KA  restrike  component  presently 
specified.  Many  aircraft  panels,  doors,  and 
fuselage  sections  can  meet  all  structural  re¬ 
quirements  if  made  from  thinner  material. 
However,  using  a  thinner  material  and  the  100 
KA  requirement  requires  the  application  of 
protective  coatings  or  layers.  These  added 
layers,  of  course,  present  a  penalty  (cost, 
weight,  maintenance)  that  tend  to  negate  some 
of  the  CFC  advantages.  If  the  restrike  com¬ 
ponent  were  10KA  Instead  of  100KA,  much 
thinner  CFC  could  be  used  without  a  lightning 
protection  penalty. 

OTHER  INFLUENCES 

A  significant  amount  of  testing  to  define 
lightning  strike  amplitudes  has  been  done  from 
mountain  tops.  This  data  represents  a 
specific  geographic  area,  altitude  and 
terrain.  Thus,  another  probability  that  may 
influence  the  strike  amplitude  dnta  is 
variations  in  the  geographical  distribution 
of  strikes.  It  ia  probable  that  data  gathered 
fi  om  mountain  tops  located  in  mid-continant 
regions  may  not  be  valid  for  aircraft  that 
generally  fly  over  water,  coastal  regions  or 
deserts.  This  is  an  area  that  warrants 
future  study. 


CONCLUSIONS 

It  is  not  unusual  for  commercial  and 
military  aircraft  to  have  different  speci¬ 
fications.  Rather  the  converse  is  true  and 
there  are  probably  more  environmental  and 
safety  specifications  that  are  different  than 
are  the  same.  Thus,  to  arbitrarily  place  the 
seme  requirement  on  a  fighter  aircraft  with 
built- in-tolerance  for  battle  damage  and  a 
large  commercial  passenger  aircraft  does  not 
seem  prudent  or  cost  effective. 

The  application  for  tactical  military 
aircraft  of  more  realistic  values  of 
lightning  strikes  and  the  use  of  prob¬ 
abilities  of  occurrence,  magnitude  and  damage 
would  remove  many  of  the  penalties 
associated  with  lightning  protection  with 
only  a  minimum  increase  in  risk. 

RECOMMENDATIONS 

o  It  is  recommended  that  efforts  be  in¬ 
creased  to  gather  inflight  strike 
data. 

o  The  Navy  study  of  strike  occurrence 
should  be  continued  and  broadened  to 
include  Air  Force  data  and  military 
aircraft  data  from  other  countries, 
o  A  lightning  specification  should  be 
prepared  for  military  aircraft. 
Different  requirements  should  be 
available  for  various  aircraft  types 
and  missions. 
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ABSTRACT 


This  paper  summarizes  the  atmospheric  flight  capabilities  of 
the  Space  Shuttle;  these  capabilities  are  limited  by  vehicle  systems 
such  as  structures,  tiles,  and  RF  navigation.  An  analysis  of  the 
storm  parameters,  and  the  launch  and  landing  profiles  at  Cape  Kennedy 
(the  primary  landing  site)  are  examined.  Spark- over  field  data  for 
the  Shuttle  are  calculated  and  coupled  with  electric  field  at lengths 
found  in  Florida  thunderstorms  studies.  Probabilities  for  encountering 
lightning  strikes  of  varying  magnitudes  are  proposed  based  on  the  above 
information  and  lightning  amplitude  statistics^^ 
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I.  INTRODUCTION 


In  1982  in  anticipation  of  making  shielding 
modifications  to  the  Space  Shuttle,  Rockwell 
International  began  testing  various  Shuttle 
Line  Replacable  Units,  LRUs,  as  well  as 
analyzing  various  circuits  to  determine  their 
susceptibility  to  the  electromagnetic  effects 
of  a  lightning  strike.  A  question  was  raised 
among  NASA  engineers  as  to  whether  or  not  the 
Shuttle  would  ever  encounter  lightning 
producing  weather  conditions.  The  questions 
were  raised  because  flight  rules,  based  on 
known  vehicle  capabilities,  appeared  to  con-, 
strain  the  vehicle  from  flying  in  lightning 
producing  weather.  NASA  contracted  McDonnell 
Douglas  to  study  the  flight  capabilities  of 
the  Shuttle  and  see  if  they  would  prevent  the 
vehicle  from  encountering  lightning;  in  es¬ 
sence  could  lightning  be  the  sole  weather 
cause  of  loss  of  the  vehicle.  If  possible, 
the  probability  of  this  cause  was  to  be  deter¬ 
mined.  Enclosed  is  a  summary  of  the  results 
of  this  study. 


II.  VEHICLE  LIMITATIONS 

The  Space  Shuttle  has  four  systems  that  are 
constrained  by  different  atmospheric  condi¬ 
tions.  Rain  is  a  weather  constraint  to  both 
the  Thermal  Protection  System  (Tiles)  and  the 
RF  Navigation  Aid  System.  The  section  of  RF 
Navigation  Aid  affected  by  rain  Is  the  Micro- 
wave  Scanning  Beam  Landing  System  (MSBLS j. 

The  MSBLS  is  a  RF  Navigation  Aid  link  between 
the  Orbiter  and  a  transmitting/receiving  in¬ 
stallation  at  the  landing  site.  In  clear 
weather,  the  three  signals,  tracking  vehicle 
elevation,  azimuth,  and  distance,  are 
acquired  approximately  two  and  one  half 
minutes  prior  to  touchdown.  With  rainfall 
rates  between  10-50  mm/hr  such  as  In  a 
thunderstorm,  the  signal  acquisition  times 
can  be  reduced  to  much  less  than  one  minute 
from  touchdown;  this  can  make  landing 
hazardous. 

A  more  serious  problem  is  tile  damage  caused 
by  rain  during  launch  since  tile  damage  or 
erosinn  can  cause  a  failure  during  landing. 
Bell  Aerospace  has  conducted  tests  revealing 
erosion  at  an  artificial  rain  rate  of  1/4 
Inch/hour  for  tiles  at  an  incident  angle  of 
20°,  410  mph  velocity  for  one  minute;  the 
same  results  for  tiles  at  an  incident  angle 
of  40°,  350  mph  velocity  for  30  seconds. 

NASA  engineers  mounted  tiles  on  the 
speedbrake  of  a  T-38  and  an  astronaut  flew  ari 
Orbiter  type  flight  path  through  “moderate 
storms."  The  speed  was  300  kts  and  the  expo¬ 
sure  time  was  four  minutes.  These  tiles  were 
eroded  to  an  average  depth  of  1/4  in.  This 
type  damage  can  cause  tile  failure  during  re¬ 
entry  and  requires  tile  repair/replacement. 
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The  other  systems  constrained  by  atmospheric 
conditions  are  Flight  Control  and  Structures. 
Landing  simulations  run  at  Ames  Research  Cen¬ 
ter  indicate  that  crosswinds  greater  than  30 
knots  can  easily  cause  loss  of  control  of  the 
vehicle.  A  crosswind  in  excess  of  20  knots 
would  have  caused  the  Columbia's  wheel 
bearings  to  fail.  Testing  at  cross-winds 
greater  than  this  caused  the  wheel  bearings 
to  grind  up  and  start  a  grease  fire.  This 
crosswind  capability  has  been  increased 
somewhat  by  using  a  new  lubricant  and  bearing 
torque  up  procedure. 

The  structural  atmospheric  constraint  relates 
to  the  G  load  the  vehicle  can  withstand  in 
making  its  final  turn  for  the  runway.  This 
limit  is  2.5  Gs;  is  not  constrained  by  any 
flight  system,  and  could  be  exceeded  if  wind 
speeds  of  approximately  100  knots  or  greater 
exist  as  a  tail  wind  for  the  beginning  of  the 
turn.  This  turn  is  made  In  the  altitude 
range  of  approximately  ten  to  fifty  thousand 
feet,  dependent  on  absolute  approach  profile. 

The  above  mentioned  are  weather  conditions 
that  might  very  well  be  accompanied  by 
lightning.  It  is  therefore  noted  that 
avoidance  of  these  constraints  reduces 
the  chances  of  encountering  lightning. 

III.  SPARK-OVER  FIELD  VALUES  FOR  THE  SHUTTLE 

The  spark-over  field,  an  electric  field  of 
sufficient  magnitude  to  enable  a  lightning 
discharge,  of  the  Shuttle/Orb iter  is 
analyzed.  The  method  used  in  the  determina¬ 
tion  of  the  spark-over  field  is  a  theoreti- 
cal-calculational  one  found  in  a  H.  W. 

Kasemir  study  (Ref.  1,  pp  5-7).  The  study 
gives  a  series  of  formulas  which  can  be  used 
to  calculate  the  spark-over  field  at  the  tip 
of  a  spheroid.  The  Shuttle  and  Orbiter  are 
modeled  as  spheroids  letting  a  be  the  long 
axis  of  the  spheroid,  b  be  the  short  axis  and 
c  be  the  eccentricity.”  The  field  concentra¬ 
tion  at  the  tip  is  given  by 

f  «  (l/e(l/e2  -  1)  (tanh"^e  -  e))"* 
where 

e  -  (a2  -  b2)1/2  (a)”1 

The  breakdown  fie  id  in  air  at  sea  level  is  Eb 
-  3000  Kv/m  (Ref.  2,  pp.  41-2) .  To  find  the 
breakdown  field  with  the  vehicle  present  we 
divide  Eb  by  f  (the  field  concentration 
factor)  or, 

Fb  -  Eb/f 

This  value  for  Fb  is  valid,  according  tc 
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Kasemir  (Ref.  1,  p.  1)  only  when  corona 
discharge  does  not  precede  spark-over. 

Corona  points  occur  wherever  the  surface  of 
the  vehicle  has  a  siHall  radius  of  curvature 
(sharp  point).  For  the  Shuttle  and  Orbiter 
there  are  many  of  these  points  (External  Tank 
lightning  rod.  Solid  Rocket  Booster  skirts, 
Orbiter  wing  tips,  Orbiter  vertical  stabi¬ 
lizer,  and  Orbiter  air  data  probe)  that  will 
cause  corona  discharge  for  any  electric  field 
orientation  across  the  vehicle.  According  to 
experimental  results  (Ref.  1,  p.  17)  the 
value  of  the  spark-over  field  must  be  reduced 
by  approximately  33*  when  corona  discharge 
precedes  the  lightning  discharge.  Hence 

Fbc  -  .67  (Eb/f) 

The  final  factor  that  must  be  considered  in 
calculating  the  spark-over  field  is  the  alti¬ 
tude  in  question.  The  breakdown  field  varies 
inversely  with  altitude;  this  is  due  to  the 
decreased  air  density  (Ref.  1,  pp.  6,7). 
Letting  h  stand  for  this  fractional  factor 
yields  tfie  final  formula  for  the  spark-over 
field  value  Fbc  for  a  given  vehicle  spheroid. 

Fbc  -  .67  (h)  (Eb/f) 

Figures  1  through  3  show  the  modeling  of  the 
Orbiter  for  various  field  orientations  using 
different  sizes  of  spheroids.  The  choice  of 
size  and  shape  of  the  spheroids  is  based  upon 
a  lightning  attach  point  study  by  0.  W, 
Clifford  (Ref.  3)  and  upon  visual  inspection 
and  fitting.  Figure  1  corresponds  to  the 
top-belly  direction  for  the  electric  field  at 
the  Orbiter.  The  attach  points ‘for  this  ori¬ 
entation  (Ref.  3,  p.  53;  Ref.  1,  Figures  7, 

8)  are  the  tip  of  the  vertical  stabilizer  and 
the  bottom  of  the  fuselage.  Figure  2  corre¬ 
sponds  to  the  nose-tail  field  direction  with 
one  attach  point  being  the  Orb iter's  nose  or 
eyebrow  (above  cockpit  windows)  and  the  other 
being  the  vertical  stabilizer.  Figure  3 
models  the  wing-wing  field  direction  for 
the  Orbiter  with  the  wing  tips  being  the 
attach  points  (Ref.  3,  pp.  56,  57;  Ref. 

1,  Figure  10). 

In  Figures  1  and  2  one  spheroid  fits  the  geom¬ 
etry  of  both  views  of  the  Orbiter.  However, 
in  Figure  3  two  different  spheroids  are  neces¬ 
sary,  one  shown  In  Figure  3A  and  the  other 
shown  in  38.  In  order  to  obtain  one  value 
for  the  spark-over  field  in  this  orientation, 
the  long  axes  of  the  two  spheroids  were 
averaged  as  were  the  short’  axes  (hence  the 
designation  a  and  6)  and  then  calculations 
proceeded  using  this  averaged  spheroid. 


a  *  7.46  m 
b  ■  3.95  m 
e  •  0.84831 58 


f  -  5.42 

Fb  *  476.01  kV/m 
Fbc  -  318.03  kV/m 


Fig.  1  -  Top-belly  electric  field  spheroid  model 


e  *  12.19  w 
b  ■  4.89  » 

•  •  0.9159409 


f  *7.37 

Fb  »  350.07  kV/« 
Fbc  ■  234.55  kV/m 


Fig.  3  -  Wing  -wing  electric  field  splwrold  modtl 
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a  ■  17.64  m  f  •  7.39 

b  -•  7.02  m  Fb  -  349.12  kV/m 

€  -  0.9164156  Fbc  *  233.91  kV/m 


Fig.  2  -  Nose-tall  ilectrlc  field  spheroid  model 

Heinz  W.  Kasemlr  conducted  experiments  (Ref. 

1)  to  determine  the  spark-over  field  for  vari¬ 
ous  Shuttle/Orb Iter  configurations.  This  was 
done  by  subjecting  models  to  Increasing  elec¬ 
tric  field  values  until  spark-over  occured. 

As  mentioned  earlier,  these  tests  were  conduc¬ 
ted  at  1.6  Km  altitude.  Spark-over  field 
values,  adjusted  to  a  1.6  Km  altitude,  are 
calculated  and  appear  in  Figures  1-3.  Table 
1  compares  these  values  to  Kasemlr's  experi¬ 
mental  values;  the  correlation  Is  high.  This 
calculatlonal  method  Is  accepted  as  the  means 
for  calculating  spark -over  field  values. 

IV.  ELECTRIC  FIELD  AND  LIGHTNING  AMPLITUDE  ■ 
VALUES 

The  spark-over  field  must  exceed  the  surround¬ 
ing  electric  field  potential  for  a  discharge 
to  occur.  In  thunderstorms  these  charged 
fields  abound  (Ref.  4,  p.  26;  Ref.  5);  the 
probability  of  encountering  a  field  greater 
than  the  spark-over  field  yields  the  maximum 
probability  of  Incurring  a  strike.  This  kind 
of  electric  field  probability  data  Is  found 
In  three  sources:  “JSC  Thunderstorms,  Experi¬ 
ment  Results”  by  the  Johnson  Spaceflight  Cen¬ 
ter  Program  pperat Ions  Office,  "Lightning 
Trigger  Field  of  the  Orblter"  by  Heinz 
Kasemlr,  and  "Atmospheric  Electricity  Hazards 
Analytical  Model  Development  and  Application: 
Volume  I"  by  Martin  Uman  and  E.  Philip 
Krlder.  The  JSC  data  was  taken  from  35 


Florida  thunderstorms  all  of  which  were  one 
of  the  following  four  types:  developing 
anvil,  mature  anvil,  dissipating  anvil,  or 
storm  system.  For  each  storm,  the  maximum 

electric  field  was  recorded  along  with  the  al¬ 
titude  range  flown  within  the  storm.  The  av¬ 
erage  altitude  at  which  the  measurements  were 
recorded  was  10.5  Km.  Kasemlr's  data  also  In¬ 
dicates  maximum  electric  fields  within 
thunderstorms,  but  the  only  altitude  data 
given  Is  that  the  anvil  cloud  tops  were  typi¬ 
cally  at  28,000  feet  In  altitude.  Uman  and 
Krlder  give  typical  and  maximum  electric 
field  values  measured  In  thunderstorms  for  7 
different  studies;  these  have  no  accompanying 
altitude  data.  The  cumulative  probability 
distribution  functions  of  the  data  from 
the  first  two  studies  are  found.  There 
are  three  sets  of  data  points;  the  Kasemlr 
study  has  one  set  of  data  for  positive 
gradients  as  well  as  one  for  negative 
gradients.  These  three  distributions 
are  found  by  fitting  a  line  to  the  data 
points.  Tables  2,  3,  and  4  show  the  results 
of  linear  regressions  performed  on  these 
three  sets  of  points.  Figures  4,  5  and 
6  show  graphs  of  the  data  points  with 
the  regression  lines  from  Tables  2,  3, 
and  4  respectively  superimposed  onto  them. 

As  seen  from  Tables  2,  3  and  4  the  linear 
correlation  of  this  data  Is  very  good: 
this  would  Indicate  that  the  probability 
of  encountering  a  field  greater  than  the 
spark-over  field  decreases  linearly  with 
Increasing  spark-over  field  values. 

In  the  review  of  7  studies  by  Uman  and  Krlder 
(Ref.  4,  p.  28),  presented  as  Table  5,  the 
typical  and  maximum  fields  measured  In 
thunderstorm  clouds  for  each  study  are 
presented.  The  average  typical  field  magni¬ 
tude  for  these  studies  Is  143  Kv/m  while  the 
average  high  field  magnitude  Is  310  Kv/m. 

Using  the  fact  that  the  JSC  and  the  Kasemlr 
datasets  are  highly,  linearly  correlated  It 
seems  that  our  model  cumulative  distribution 
function  (CDF)  should  likewise  be  linear.  The 
average  typical  and  average  high  values  calcu¬ 
lated  from  Table  5  support  this  because  the 
typical  or  average  value  (143)  Is  about  half 
the  magnitude  of  the  high  value  (310)  which 
would  be  expected  in  a  CDF  of  this  form. 

Using  the  Uman  and  Krlder  average  high  field 
value  of  310  Kv/m,  the  model  CDF  In  Figure  7 
Is  constructed  giving  the  probability  of 
encountering  a  field  greater  than  or  equal  to 
any  given  spark-over  field. 

Now  that  the  CDF  has  been  determined,  the 
probability  density  function  (PDF)  can  be 
found  by  differentiating  and  taking  the  abso¬ 
lute  value  (since  the  CDF  slope  Is  negative) 
of  the  CDF.  Since  the  CDF  Is  linear,  the  PDF 
will  take  the  form  of  the  uniform  distrtbu- 
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tlon  with  height  given  by  the  Inverse  of  the 
maximum  spark-over  field  value  In  Figure  7  or 
1/310.  A  graphical  representation  of  the  PDF 
Is  shown  In  Figure  8.  From  this,  the  proba¬ 
bility  of  encountering  a  field  of  a  given 
value  or  greater  Is  found  by  finding  the  area 
underneath  the  PDF  for  a  chosen  spark-over 
field  and  subtracting  this  area  from  one. 


The  next  task  Is  to  calculate  the  altitude  ad¬ 
justment  factor  h  for  a  given  altitude.  It 
was  stated  that  The  breakdown  field  varies 
Inversely  with  altitude  due  to  decreased  air 
density;  Table  6  gives  these  factors  calcu¬ 
lated  from  air  densities  In  the  suniner  months 
at  the  Cape. 


Table  1  -  Comparison  of  Calculated  and  Experimental 
Spark-over  Field  Values. 


CALCULATED 

EXPERIMENTAL 

SPARK-OVER 

SPARK-OVER 

FIELD 

FIELD 

DESCRIPTION 

(KV/M) 

(KV/M) 

FIELD  ORIENTATION: 

311.4 

TCP  BELLY 

318.93 

FIELD  ORIENTATION: 

232 

NOSE -TAIL 

233.91 

FIELD  ORIENTATION 

246 

WING-WING 

234.55 

TABLE  2  -  Regression  of  JSC  Thunderstorm  Data 


REGRESSION  TYPE  NUMBER:  1 


X 

Y 

MODEL  Y 

0 

35 

33.3509 

10 

35 

31.1135 

20 

32 

28.8762 

30 

26 

26.6388 

40 

26 

24.4014 

50 

25 

22.1641 

60 

18 

19.9267 

70 

14 

17.6894 

BO 

11 

15.452 

90 

10 

13.2147 

100 

7 

10.9773 

110 

4 

8.73994 

120 

4 

6.50258 

130 

4 

4.26522 

140 

3 

2.02786 

150 

2 

-.209494 

160 

1 

-2.44683 

170 

A  -  -.223736 

B  -  33.3509 

1 

-4.68421 

CORRELATION  COEFFICIENT 

-  .964706 

NUMBER  OF  DATA  POINTS  ■ 

18 

TABLE  3  -  Regression  of  KaSeoIr  Thunderstorm  Dele 
-  Positive  Gradient 

REGRESSION  TYPE  NUMBER:  1 


X 

Y 

MOOEL  Y 

0 

43 

36.3241 

10 

43 

34.8601 

20 

35 

33.3961 

30 

32 

31.932 

40 

29 

30.468 

50 

24 

29.0039 

60 

24 

27.6399 

70 

24 

26.0759 

80 

23 

24.6118 

90 

22 

23.1478 

100 

22 

21.6837 

no 

21 

20.2197 

120 

21 

18.7557 

130 

16 

17.2916 

140 

14 

15.8276 

ISO 

13 

14.3635 

160 

12 

12.69SS 

170 

9 

11.4355 

180 

7 

9.97143 

190 

6 

8.50739 

200 

5 

7.04335 

210 

4 

5.57931 

220 

2 

4.11527 

230 

2 

2.65123 

240 

2 

1.18719 

250 

1 

-.276847 

260 

1 

-1.74089 

270 

1 

-3.20493 

280 

1 

>4.66897 

A-  -*146404 
B«  36.3241 

CORRELATION  COEFFICIENT-  -.97066 


NUMBER  OF  OATA  POINTS-  29 


TABLE  4  -  Regression  of  Kasemirs's  Thunderstorm  Beta 
-  Negative  Gradient 


REGRESSION  TYPE  NUMBER:  1 


X 

Y 

MODEL  Y 

-210 

1 

-.189723 

-200 

4 

1.63354 

-190 

4  ' 

3.4568 

-180 

4 

5 .28007 

-170 

8 

7.10333 

-160 

10 

8.9266 

-160 

11 

10.7499 

-140 

13 

12.5731 

-130 

14 

14.3964 

-120 

15 

16.2196 

-110 

17 

18.0429 

-100 

17 

19.8662 

-90 

21 

21.6894 

-80 

22 

23.5127 

-70 

22 

25.336 

-60 

26 

27.1592 

-SO 

27 

28.9825 

-40 

31 

30.8058 

-30 

36 

32.629 

-20 

36 

34.4523 

-10 

39 

36.2756 

0 

39 

38.0988 

A-  .182326 
B-  38.0988 

CORRELATION  COEFFICIENT  -  .989419 
NUMBER  OF  DATA  POINTS  ■  22 


Table  5  -  Thunderstorm  Electiric  Fields 

Measured  in  Airborne  Experiments 


Investigation 

Typical 

(Kv/m) 

High  Values 

Occasionally 

Observed 

Measurement 

Type 

Winn  et  al 
(1974) 

50-80 

200 

Rockets 

Winn  et  al 
(1981) 

- 

140 

Balloons 

Rust,  Kazemir 
(Private  Conus.) 

150 

300 

Aircraft 

Kasemlr  and 
Perkins  (1978) 

100 

280 

Aircraft 

imyanitov 
et  al  (1972) 

100 

250 

Aircraft 

Evans 

(1969) 

- 

200 

Parachuted 

Sonde 

Fitzgerald 

(1976) 

200-400 

800 

Aircraft 

35-8 


Using  these  h  values,  spark  over  field  values 
are  calculated  for  the  spheroids  In  Figures 
1  thru  3  at  various  altitudes.  These  are 
displayed  In  Table  7.  Since  electric  field 
values  measured  In  thunderstorm  experiments 
are  oriented  In  all  different  directions, 
spark  over  field  values  are  averaged.  Given 
this  value  the  probability  of  exceeding  the 
value,  Incurring  a  lightning  strike.  Is  deter¬ 
mined  from  Figure  8. 

Amplitudes  of  lightning  strikes  in  a  storm 
are  now  summarized.  When  amplitudes  of 
strikes  are  considered,  a  distinction  must  be 
made  between  In  cloud  strikes  and  cloud  to 
ground  strikes;  this  Is  because  cloud  to 
ground  strikes  are  of  a  much  greater  magni¬ 
tude.  In  this  regard,  E.  T.  Pierce  and 
workers  at  Westinghouse  have  Independently 
formulated  expressions  that  estimate  the  per¬ 
centage  of  total  lightning  strikes  that  go  to 
ground.  Pierce's  expression  (Ref.  6,  p.  13) 

Is  p  -  0.1  (1  +  (V30)z)  where  p  Is  the  pro¬ 
portion  of  lightning  strikes  going  to  ground 
and  X  Is  the  latitude  of  the  location  of 
Interest  In  degrees.  Using  this  method  for 
KSC  (lat<tude  28.5°)  p  ■  0.19  which  means 
that  about  19#  of  all  flashes  go  to  ground. 

The  Westinghouse  expression  (Ref.  6,  p.  13) 

Is: 

where  p  and  X  are  as  above  and  Tm  Is  the  num¬ 
ber  of  thunderstorm  days  per  month  at  the 
selected  site.  For  KSC  Tin  ■  6  on  the  average 
over  the  year,  so  p  »  .23.  These  two  results 
when  averaged  together  yield  a  value  of  21# 
for  the  average  proportion  of  strikes  going 
to  ground  In  a  month  at  KSC. 


CUCTUC  HSU)  (KV/H) 


rtg.  i  -  Prohtidl  Ity  dMilty  function 


*  fittATM  TMM  MtmtE 


Fl«.  »  -  Diitrliwtlwi  graph  of  Intracloud  ttrlku 
currwta 


N.  Crains  and  E.  J.  Pierce  have  collected  and 
summarized  much  data  relative  to  cloud 
to  ground  strikes  and  Intracloud  strikes. 
Figure  9  Is  a  distribution  graph  of  these  sta 
tlstlcs  for  Intracloud  strike  currents. 

Figure  10  is  a  distribution  graph  of  these 
statistics  for  cloud  to  ground  peak  currents. 


Table  6  -  h  Factors  (Altitude  Oenslty/Sett  level 
Density)  at  Various  Altitudes 

Altitude  h  factor 

0  km 

1.13537/1.13537  -  1 

1.6  km 

.976418/1.13537  -  .86 

5  km 

.710939/1.13537  -  .63 

7  km 

.580019/1.13537  -  ,51 

10.5  km 

.396034/1.13537  -  .35 

Fit.  10  -  Of  Utrlkutl*)  graph  of  cl«M  to  ground 
PMk  currant. 
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Table  7  -  Calculated  Spark-Over  Field  Values  for  Three  Field 
Orientations  at  Various  Altitudes 


Altitude  (M)  Spark  over  Field  Value  (KV/M) 


TOP-BELLY 

NOSE-TAIL 

WING-WING 

10,500 

129 

95 

95 

9,000 

153 

112 

113 

7,000 

190 

139 

139 

5,000 

232 

170 

171 

2,000 

310 

227 

228 

V.  LAUNCH  AND  LANDING  PROFILES 

Due  to  the  previously  mentioned  tile 
restrictions,  the  Shuttle  is  not  to  be 
launched  in  rain,  hall,  or  sleet/snow.  The 
Shuttle  Is  also  not  to  be  launched  with  Its 
flight  path  closer  than  5  nautical  miles  to 
the  edge  of  a  cumulonimbus  radar  cell  (the 
distance  lightning  may  reach  outside  a 
storm),  through  cumulus  clouds  having  weather 
radar  echoes,  or  if  the  ground  electric  field 
exceeds  1  kilovolt  per  meter.  Within  ninety 
seconds  after  launch,  the  vehicle  reaches  the 
80,000  ft.  altitude  and  has  traveled  15  miles 


fl».  II  .  kualMl  •>»«'«• 


along  the  vehicle's  azimuth  (either  Northeast 
or  due  East).  Considering  these  restrictions 

coupled  with  the  short  time  span  and  the  VI.  SUMMARY  AND  PROBABILITY 


small  area  covered  in  the  altitudes  where 


lightning  can  be  produced,  the  threat  of  a 
strike  during  launch  Is  almost  non  exlstant. 

The  risk  Is  Increased  In  the  landing  phase. 
This  Is  because  where  a  launch  can  be  delayed 
If  conditions  are  sub-par,  landing  cannot  be 
delayed  once  a  de-orbit  burn  (one  hour  prior 
to  landing)  has  been  made.  The  Orb Iter  Is 
powerless  when  landing;  It  deorbits  to  a  par¬ 
ticular  site  and  must  glide  there.  At  the 
80,000  ft.  altitude  (reached  approximately 
six  and  one  half  minutes  prior  to  touchdown), 
a  runway  approach  must  be  chosen.  There  are 
four  options  here.  The  Orb  Iter  can  pass  over 
the  runway  and  then  approach  and  land  from 
either  end  of  the  runway,  or  the  Orb Iter 
can  glide  straight  to  either  end  of  the 


In  the  landing  phase,  analysis  of  the 
vehicle's  atmospheric  non-lightning  limita¬ 
tions  suggest  the  needed  avoidance  of  light¬ 
ning  producing  weather  conditions.  Analysis 
of  alternate  landing  sites,  particularly 
Vandenberg  and  Edwards*  Indicate  low 
probabilities  of  encoynterlng  lightning. 
Weather  forecast  capabilities  at  Vandenburg 
suggest  the  capability  of  completely  avoiding 
lightning  by  making  additional  revolutions  if 
necessary.  The  high  risk  situation  is  a  de¬ 
orbit  burn  to  Kennedy  Space  Center,  the  pri¬ 
mary  landing  site.  In  the  summer  months. 

This  burn  could  be  ftade  with  clear  skys  at 
Kennedy.  As  the  runway  is  approached  fifty 
minutes  later,  a  diurnal  thunderstorm  may 
have  forced.  If  the  Orblter  Is  to  be  struck 


runway.  Figure  11  shows  the  envelope  of  a 
nominal  energy  (approaching  at  nominal 
altitudes)  approach  of  the  Orblter.  The  enve¬ 
lope  encloses  the  area  the  Orblter  might  be 
In,  gliding  In  from  60,000  ft.  downward.  The 
Orblter  cannot  pass  over  the  runway  If  It  Is 
low  on  energy.  In  the  nominal  energy  case, 
however;  the  Orblter  can  negotiate  one  of  the 
four  possible  approaches.  This  provides  the 
vehicle  with  limited  weather  evasive  capabili¬ 
ties. 


by  lightning.  It  will  probably  be  in  this 
type  scenario. 

A  method  for  calculating  the  maximum  probabll 
1 ty  of  receiving  a  strike  (at  a  particular 
time  at  the  Cape)  of  a  given  amplitude  or 
greater  Is  to  multiply  these  factors. 

A.  The  probability  of  a  thunderstorm  at  the 
Cape, 
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B.  The  probability  of  the  storm  being  in  the 
vehicle's  flight  path, 

C.  The  probability  of  the  vehicle  being 
struck  in  a  storm  (based  on  spark- 
over  fields,  altitude  dependent), 

D.  The  probability  of  this  being  a  cloud  to 
ground  strike  of  a  given  amplitude  or 
greater, 

E.  And  the  probability  of  the  strike  being 
a  cloud  to  ground  strike; 

this  probability  is  added  to  the  product  of 
these  same  factors  except  substituting 
"intracloud  strike"  for  "cloud  to  ground 
strike."  The  formula  is 

P  -  (A) (B) (C)(0)(E)  +  (A) (B) (C)(D')(E* ) 

The  A  factors  are  displayed  In  Table  8,  the 
C  factors  are  In  Table  9,  and  D  and  D'  fac¬ 
tors  are  extracted  from  Figures  9  and  10  re¬ 
spectively.  As  calculated  earlier,  E  **  .21 
and  E'  ■  .79.  Table  8  indicates  that  July  is 
the  worst  month  and  3:00  to  5:00  PM  local 
time  is  the  worst  time  of  day.  That  time  pe¬ 
riod  correlates  to  a  20*  frequency  of 
occurence  of  thunderstorms.  The  best  time  of 
day  in  July  is  between  3:00  and  9:00  AM,  when 
frequency  of  occurrence  is  0.5*.  This  is 
compared  to  the  month  of  December  where  the 
time  period  between  9:00  AM  and  5:00  PM  has 
an  associated  frequency  of  occurrence  of  0.3* 
to  0.4*  and  all  other  times  are  0.1*.  It  is 
assumed  that  KSC  landings  will  normally  occur 
In  the  time  period  between  6:00  AM  and  6:00 
PM.  If  the  frequency  of  occurrence  Is 
averaged  for  this  time  period  for  the  months 
of  June,  July,  and  August  a  frequency  of  oc¬ 
currence  of  4.7*  results.  Thunderstorms  are 
recorded  when  thunder  is  heard  which  can  be 
up  to  a  distance  of  fifteen  miles. 

Considering  this  distance  and  the  flight  path 
envelop  in  Figure  11,  a  storm  may  "exist"  at 
the  Cape  and  not  be  near  (few  miles)  the 
vehicle's  flight  path.  Given  the  four  ap¬ 
proach  paths,  the  fact  that  some  storms  are 
frontal  and  predictable,  and  the  method  used 
to  record  thunderstorms,  B  is  estimated  to  be 
.67. 

Strikes  which  could  cause  severe  systems  deg¬ 
radation  were  the  basis  for  this  study.  A 
range  of  amplitudes  thought  to  be  potentially 
dangerous  were  defined  and  investigated.  The 
range  was  from  2XA  to  200  KA.  Figures  9  and 
10  show  that  exceedance  of  these  amplitudes 
are  almost  exclusively  cloud  to  ground 
strikes;  therefore,  the  Intracloud  strikes 
were  not  considered  for  this  particular  proba¬ 
bility  calculation.  The  C  factor  of  this 
probability  equation  varies  from  0*  to  49* 


depending.. on  the  altitude  for  which  the  spark - 
-over  field  is  chosen.  Since  the  Orbiter 
would  most  likely  cover  a  range  of  altitudes 
if  it  encountered  a  Storm,  the  probability  of 
exceeding  spark-over  fields  at  different  alti¬ 
tudes  is  averaged  (Average  =  24.5*).  The 
probability  equation 

P  =  (A)(B)(C)(D)(E) 

is  now 

P  =  (.047)  (.67)  ( .245)  (D)  (.21) 

By  letting  the  D  factor  vary  from  2  to  200 
KA,  the  probability  of  encountering  <i  light¬ 
ning  strike  less  than  a  chosen  design  level 
is  shown  in  Figure  12. 

For  the  Shuttle  Launch  Configuration,  obser¬ 
vance  of  existing  launch  constraints  should 
preclude  exposure  to  lightning.  Relaxation 
of  constraints  to  allow  launching  through 
thunderstorms  or  layered  clouds  with  freezing 
temperatures  was  not  recommended  because  of 
potential  TPS  damage  from  In-cloud  precipita¬ 
tion.  In  addition  there  is  a  high  probabil¬ 
ity  of  triggering  a  cloud-to-ground  strike 
during  launch.  Trailing  wire  rockets  tests 
(comparable  to  the  Shuttle  with  SRB  plumes) 
have  achieved  a  triggered  strike  rate  of  68*. 
These  tests  were  performed  with  a  ground 
level  field  intensity  of  10  KV/M  or  greater, 
well  above  the  launch  criteria  limit  of  1 
KV/M.  However  It  does  suggest  a  high  strike 
risk  at  launch.  It  should  be  noted  that 
layered  clouds  can  produce  misleading  indica¬ 
tions  from  field  mills  on  the  ground  at  KSC 
because  of  low  layers  masking  fields  from 
higher  layers. 

The  following  were  conclusions  drawn  based  on 
the  study. 

1.  The  KSC  diurnal  thunderstorm  presents  the 
greatest  unavoidable  lightning  threat, 
given  existing  constraints,  due  to  predic¬ 
tion  limitations.  This  risk  can  be 
minimized  by  planning  early  morning 
landings. 

2.  A  lightning  protection  level  for  the  Orbi¬ 
ter  at  landing  of  50  KA  is  suggested  as 

a  goal.  The  flight  dynamics  capability 
of  the  vehicle  suggests  a  high  probabil¬ 
ity  of  successfully  flying  through  a 
thunders too,  provided  It  survives 
lightning. 

3.  For  Shuttle  at  launch,  TPS  damage  poten¬ 
tial,  as  well  as  high  triggered  strike 
likelihood,  suggest  that  the  Shuttle 
should  not  be  launched  through  thunder¬ 
storm  or  deep  or  layered  clouds  at 
freezing  altitudes.  (Near  radar  echoes). 
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Table  8  -  Percent  Frequency  of  Occurence  of  Thunderstorms  from 
Hourly  Observations  at  KSC 


Month 


Hour 

Feb 

Mar 

Apr 

May 

Jun 

00-02 

.3 

.5 

.1 

.7 

1.2 

03-05 

.2 

.6 

.1 

.5 

.9 

06-08 

.2 

.5 

.3 

.2 

.6 

09-11 

.1 

.5 

.3 

.8 

1.2 

12-14 

.2 

1.2 

.7 

2.7 

9.2 

15-17 

.6 

1.1 

1.9 

5.9 

13.7 

18-20 

.1 

1.8 

1.6 

5.4 

8.1 

21-23 

.4 

1.3 

.8 

2.5 

1.7 

Note:  i 

)ata  not  available  for  January, 

Table  9  - 

Probability  of  Exceeding  Spark 
Over  Field  Values  In  Florida 
Thunderstorms 

Altitude 

Orbiter 

Probability 

Below  4km 

- 

5km 

.ne 

7km 

.25 

9km 

.39 

10.5km 

.49 

Note: 

Orbiter  probabilities  below  4km  are  not  Indicated 
because  the  linear  amplitude  model  stops  at  310 
kv/m.  Actual  probabilities  continue  to  decrease 
with  altitude. 
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Aug 

Sep 

Oct 

Nov 

Dec 

1.0 

2.0 

1.8 

.7 

.3 

.1 

.5 

.9 

1.0 

.7 

.3 

.1 

.5 

1.1 

.9 

.5 

.3 

.0 

1.1 

1.7 

1.8 

.3 

.2 

.3 

11.0 

9.4 

3.4 

1.7 

.1 

.4 

20.0 

15.6 

7.4 

1.7 

.7 

.3 

11.0 

8.0 

5.2 

2.2 

.8 

.1 

3.6 

2.9 

2.7 

.6 

.8 
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ATMOSPHERIC  ELECTRICITY  THREAT  DEFINITION  FOR 
AIRCRAFT  LIGHTNING  PROTECTION 


Dr.  B.  G.  Melander 

The  Boeing  Military  Airplane  Company,  Seattle,  Washington 


ABSTRACT 


This  paper  describes  a  consistent  atmospheric  electricity  threat: 
environment  for  use  in  the  protection  of  aircraft  electrcnic/electrical 
systems.  The  definition  has  evolved  from  many  prior  research  efforts 
including  measurements  of  direct  strikes  to  aircraft  and  ground 
Installations. 

X-he  AE  threat  definition  includes  threats  of  two  basic  types. 

The  first  Includes  all  lightning-associated  threats  and  the  second 
Includes  static  electrification  threats.  Cloud- to-ground  lightning 
has  been  studied  extensively  and  is  used  as  the  basis  for  the  present 
lightning  threat  definition,.  The  defined  threat  is  compared  to  avail¬ 
able  cloud-to-ground  lightning  strike  data.  Intracloud  discharges, 
which  account  for  over  half  of  all  discharges,  are  less  well  studied, 
but  usually  are  less  severe.  Direct  strike  measurements  of  intracloud 
lightning  on  an  F-106  research  aircraft  during  the  NASA  Storm  Hazards 
Program  are  compared  to  the  threat  based  an  the  cloud-to-ground  dis¬ 
charges.  Characterization  of  static  electrification  including  streamers 
nnd  corona  are  alsc  included  in  the  total  atmospheric  electricity  threat. 
Static  electrification  is  caused  by  both  tribcQelectric  and  exogeneous 
charging  which  creates  both  corona  and  streamers.^ 

The  threat  includes  the  best  currently  available  data  for 
both  lightning  and  static  charging  phenomena.  This  threat  is  being 
used  for  the  Atmospheric  Electricity  Hazards  Projection  Program 
sponsored  by  USAF*  USN,  DNA,  FAA,  and  NASA.  The  threat  definition 
will  ultimately  be  used  to  define  future  protection  and  qualification 
requirements . 

This  work  was  sponsored  by  AFWAL/FIEA  under  Contract  F33615-82-C- 
3406,  Rudy  Beavin,  Project  Officer. 
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■ItfT  fiODUCTION 

An  atmospheric  electricity  threat  Is 
^presented  for  use  In  the  protection  of 
aircraft  electronic/electrical  systems.  The 
threat  Is  being  developed  as  part  of  the 
Atmospheric  Electricity  Hazards  Protection 
(AEHP)  Program  at  Boeing.  The  objectives  of 
the  program  are  to  develop  design  criteria, 
guidelines,  and  qualification  test  proce¬ 
dures  for  mitigating  any  atmospheric 
electricity  vulnerabilities  of  electronic 
equipment  In  future  advanced  aircraft 
structures.  The  emphasis  Is  on  Indirect 
effects  of  llghtnlng/statlc  electrification 
and  their  Induced  electrical  transients  In 
aircraft  wiring  rather  than  direct  arc/spark 
effects.  The  atmospheric  electricity  threat 
Includes  both  lightning  and  static 
electrification  phenomena.  This  paper 
presents  the  Initial  lightning  threat 
compared  against  ground-based  direct  current 
measurements  and  direct  strike  data  from 
NASA's  F-106  aircraft.  Also  presented  are 
the  static  electrification  threats  due  to 
streamers  and  corona. 

Potential  hazards  to  electronics 
equipment  within  an  aircraft  encountering 
natural  atmospheric  electricity  depends 
strongly  on  the  Interaction  of  airframe 
structure  with  a  lightning  strike  and  Its 
associated  electromagnetic  fields.  The 
physical  processes  whereby  electrical 
transients  are  Induced  by  lightning  or 
static  electricity  within  an  air  vehicle 
wiring  complex  are  significantly  different 
than  processes  previously  considered  for 
structural  damage  due  to  directly  attached 
lightning.  The  most  Important  difference 
for  electronic  effects  Is  the  need  to 
consider  rate-of-rlse  parameters  for 


currents  and  fields  because  Inductive  and 
capacitive  coupling  domlnjte  Internal 
transients  when  circuitry  Is  Isolated  from 
vehicle  structure.  Peak  values  end  time 
duration  of  current  and  fields  are  Important 
In  determining  voltages  and  currents  within 
the  structure.  Pulse  energy  Is  Important  In 
determining  the  rating  for  transient 
protective  devices  that  may  be  required  to 
absorb  energy  from  the  lightning  Induced 
transients. 

Physical  understanding  of  the  data 
sources  that  define  lightning  and  static 
electrification  environments  are  Important 
1r»  determining  the  critical  rate  of  rise 
parameters.  These  parameters  are  especially 
Important  for  determining  currents  and 
electromagnetic  fields  associated  with 

aircraft  Interaction  tilth  the  AEH  threat 
environments. 

The  problem  of  determining  the 

atmospheric  electricity  (AE)  threat  to 

aircraft  In  flight  has  been  examined  for 
many  years.  More  recently  due  to  research 
Into  advanced  composite  material  having  poor 
electrical  properties  compared  to  metals, 
Interest  has  Increased  In  better  prediction 
of  the  AE  threat  to  aircraft  and 
electrical/electronic  .  equipment.  The 
severity  of  the  threat  will  determine  the 
equipment  protection  necessary  for  aircraft 
all  weather  operation. 

Natural  atmospheric  electricity  presents 
two  separate  hazards:  lightning  and  static 
discharges  due  to  aircraft  charging.  The 
mechanism  of  a  natural  cloud-to-ground 
lightning  discharge  Is  Illustrated  In  Figure 
1.  When  sufficient  charge  accumulates  In 
the  lower  part  of  a  cloud  to  cause  an 


electric  field  which  exceeds  the  ionization 
threshold  of  air,  an  electrical  discharge  Is 
Initiated  toward  tne  earth-,  Because  the 
discharge  requires  a  finite  amount  of  charge 
and  time  for  the  channel  resistance  to  lower 
to  the  arc  phase,  the  discharge  proceeds  In 
a  sequence  of  steps,  pausing  periodically  to 
allow  the  previous  channel  section  to  become 
fully  conducting.  This  mechanism  Is  known 
as  the  stepped  (or  step)  leader  process. 

The  natural  electrical  phenomena 
occurring  with  lightning  discharges  vary  in 
number  and  Intensity.  A  statistical  basis 
Is  needed  because  of  this  variability.  A 
moderate  level  Is  defined  as  the  expected 
levels  from  a  typical  lightning  flash. 
Severe  lightning  Is  defined  as  the 
worst-case  level  expected  to  occur  during 
the  service  life  of  an  aircraft.  The 
maximum  rate-of-rlse  and  peak  current  that 
represent  the  severe  lightning  threat  are 
currently  subjects  of  co-going  current 
research  Into  lightning  hazards  to  aircraft 
in  flight. 

The  best  available  statistical  data  on 
lightning  currents  is  data  measured  on  the 
ground.  Currently  published  data  or.  tloud- 
to-ground  lightning  currents  measured  on  the 
ground  show  that  180  kA/ys  is  the  largest 
rate  of  rise  directly  measured  [t].  Recently 
obtained  data  on  lightning  currents  Inferred 
from  measured  electric  fields  are  as  high 
400  kA/ys  [23.  Both  of  these  measurements 
are  subject  to  uncertainties  In  the 
measuring  techniques.  The  best  engineering 
judgment  at  present  is  thrt  200  kA/ys 
adequately  represents  the  worst-case 
expected  for  cn  aircraft  In  flight  and  Is 
defined  as  the  severe  level  for  AEH  threat. 
Additional  research  Is  weeded  to  resolve  the 
difference  between  the  defined  severe  threat 
and  the  distant  field  measurements. 

A  second  threat  to  aircraft  from 
atmospheric  electricity  occurs  due  to 
aircraft  charging  effects.  As  an  aircraft 
moves  through  the  air.  It  can  become 
charged.  This  can  result  In  discharges 
either  by  streamerlng,  corona  or  arcs  and 
sparks. 

Figure  2  shows  these  discharges  from 
various  sections  of  an  aircraft.  Arcs  and 
sparks  can  create  direct  damage  effects 
especially  in  fuel  tanks.  Proper  grounding 
and  bonding  can  usually  eliminate  these 

problems.  Noise  problems  from  corona  or 
streamerlng  phenomena  is  not.  so  easily 

eliminated.  These  noise  levels  must  be 

established  cs  a  part  of  the  total 

atmospheric  threat  levels  to  aircraft. 

Numbers  In  brackets  designate  References  at 
end  of  paper. 


Lightning  and  static  electrification 
threats  will  be  discussed  separately.  The 
second  section  discusses  lightning  and 
comparisons  with  current  measurements.  The 
third  section  characterizes  the  static 
electrification  threat.  The  last  section 
summarizes  and  makes  recommendations  for 
future  threat  characterizations. 

LIGHTNING  THREAT 

Lightning  Is  a  transient,  high  curtent 
electric  discharge.  The  most  common  source 
of  lightning  arises  from  the  electric  charge 
separation  In  ordinary  thunderstorm  clouds 
(cumulonimbus).  Well  over  half  of  all 
lightning  discharges  occur  within  the  cloud 
{ intracloud  discharges).  Cloud-to-ground 
lightning  (sometimes  called  streaked  or 
forked  lightning)  has  been  studied  more 
extensively  than  other  forms  of  lightning 
because  of  Its  practical  Interest  (e.g.,  as 
the  cause  of  disturbances  In  power  and 
communication  systems,  strikes  to  aircraft 
and  the  ignition  of  forest  fires)  and 
becauste  It  Is  more  easily  observed  with 
optical  Instruments.  Cloud-to-cloud  and 
cloud-to-alr  discharges  are  less  common  than 
Intracloud  or  cloud-to-ground  lightning. 

Strikes  to  aircraft  are  thought  to 
Involve  both  cloud-to-ground  strikes  (at  low 
altitudes)  and  cloud  events  (at  high 
altitudes).  The  lightning  data  discussed  at 
present  will  Include  only  cloud-to-grond 
events.  This  data  will  be  used  to  establish 
a  ground  based  lightning  threat. 

A  typical  cloud-to-ground  discharge 
starts  with  a  preliminary  breakdown  within  a 
cloud  followed  by  a  stepped  leader  Initiat¬ 
ing  the  first  stroke.  Lcoder  steps  are 
usually  lus  long,  tens  of  meters  In 
length.,  with  a  pause  between  steps  of 
SOys.  The  typical  leader  current  is  the 
order  of  1  kA  [3]. 

As  the  leader  rears  an  aircraft.  It 
enhances  the  local  fields.  Discharges  off 
the  extremities  of  the  aircraft  are  produced 
wnen  the  field  values  reach  air  Ionization 
levels.  When  the  stopped  loader  connects  to 
one  of  tne  aircraft  discharges.  It  becomes 
merely  a  part  of  one  stop  as  the  stepped 
leader  proceeds  to  ground  or  another  charged 
cloud. 

As  the  leader  tip  nears  the  ground,  an 
upward  moving  discharge  Is  Initiated  at  the 
ground.  The  leader  channel  Is  discharged  as 
a  ground  potential  wave,  the  return  stroke, 
propagates  up  the  ionized  leader  path.  The 
return  stroke  has  a  much  higher  current  than 
a  leader,  an  average  of  20  kA  with  maximum 
t>p  to  200  kA  and  a  rise  time  of  few  micro¬ 
seconds.  The  return  stroke  may  be  followed 


by  a  dart  leader  which  Initiates  a 
subsequent  stroke.  Subsequent  strokes  have 
faster  rise  -times  but  comparable  rates  of 
change  as  return  strokes.  Many  additional 
complete  discharges  called  multiple  strokes 
can  take  place.  In  general,  these  subse¬ 
quent  strokes  have  smaller  magnitudes. 
Establishing  the  size  of  these  threats  Is 
the  first  part  of  establishing  an  AEH  threat. 

The  AEH  lightning  threat  defined  herein 
will  be  shown  to  be  consistent  with  the  most 
recently  published  statistical  lightning 
data.  Two  sets  of  parameters  are  used  to 
Identify  a  moderate  or  expected  lightning 
stroke  and  a  severe  or  worst-case  stroke. 
The  lightning  threat  Is  not  designed  to 
match  the  physical  parameters  of  a  particu¬ 
lar  lightning  stroke  but  rattier  to  be 
representative  of  the  range  of  values  for 
the  many  types  of  lightning  discharges. 

The  parameters  of  most  importance  In 
this  lightning  threat  were  chosen  because  of 
their  Impact  on  aircraft  electrical/ 
electronic  systems.  These  parameters 
Include  maximum  current  rise  rate,  peak 
current  and  energy  Input  (action  Integral). 
The  selected  values  were  chosen  from  a 
review  of  existing  data.  They  are  consis¬ 
tent  with  statistical  variations  of  other 
available  data.  Other  characteristics  of 
the  waveform  (rise  time  and  fall  time)  are 
determined  uniquely  by  choosing  the  above 
three  parameters  since  the  threat  model  has 
only  three  Independent  parameters.  Even  so, 
both  rise  and  fall  times  are  well  within  the 
statistics  of  measured  data. 

The  lightning  threat  must  characterize 
both  single  and  multiple  stroke  phenomena. 
The  multiple  stroke  will  be  characterized  by 
several  single  strokes  with  the  addition  of 
Induced  transient  duration,  Inter-stroke 
time  Interval,  total  event  time  and  total 
number  of  strokes.  These  parameters  are 
1 Isted  In  Figure 

The  Initial  single  stroke  lightning 
threat  model  1$  a  double  exponential  wave¬ 
form  representing  the  lightning  current;  the 
waveform  and  spectrum  Is  shown  In  Figure  4. 
The  parameters  are  listed  In  Figure  5.  The 
double  exponential  form  of  the  lightning 
threat  model  will  be  shown  to  adequately 
predict  the  expected  electric  field  spectra 
from  a  combination  of  measured  lightning 
discharges.  This  threat  Is  to  be  Inter¬ 
preted  as  the  current  flowing  In  the 
unperturbed  lightning  arc  channel  (l.e.,  no 
aircraft  Interaction).  In  applying  the 
threat  to  an  aircraft,  an  electromagnetic 
coupling  model  is  needed  which  Includes  the 
aircraft  and  channel  geometry  and  Includes 
the  threat  as  an  Incident  current  waveform 
propagating  along  the  channel. 


The  double  exponential  waveform,  which 
Is  a  convenient  model  for  engineering 
calculations,  has  a  historical  precedent  In 
both  lightning  and  HEMP.  The  waveform 
parameters  are  selected  to  Include  the  most 
Important  features  of  the  lightning  current 
rather  than  to  faithfully  represent  any 
single  lightning  waveform.  The  three 
lightning  parameters  Incorporated  In  the 
threat  waveform  are  peak  rate-of-rlse,  peak 
current,  and  action  Integral.  The  moderate 
and  severe  threats  were  selected  to  be 
expected  and  worst-case  levels  of  the 
parameters  based  upon  review  of  the  best 
available  measured  data.  Figure  5  shows 
these  threat  parameter  values  and  the 
defining  equations  for  the  double 
exponential  current  waveform. 

DATA  SOURCES  -  The  data  desired  In 
establishing  aircraft  lightning  threat 
parameters  are  measurements  of  direct 
lightning  strike  currents  and  EM  fields  on 
aircraft  at  altitude.  Strike  data  measured 
on  aircraft  are  not  yet  well  understood  as 
regards  threats  to  aircraft  safety.  Two 
ongoing  programs  to  gather  more  strike  data 
at  altitude  are  the  NASA  F-106  and  USAF 
C-130.  This  data  will  be  used  to  aid  in 
understanding  the  threat  level  at  altitude. 

The  available  data  necessary  to  estab¬ 
lish  lightning  threat  characterization  Is 
limited.  Of  all  the  types  of  lightning 
processes  (leader,  dart  leader,  J  A  K 
changes,  preliminary  breakdown,  etc.),  the 
most  critical  processes  to  aircraft  safety 
are  thought  to  be  first  return  and 
subsequent  strokes  due  to  high  current 
levels,  high  current  rise  rates  and  high 
energy  Inputs  Into  aircraft  systems.  Data 
on  these  processes  are  for  the  most  part 
confined  to  ground  measurements  of  electric 
and  magnetic  fields,  current  waveforms,  and 
stroke  velocities  (see  Reference  [3]  for  a 
list  of  references  on  each  type  of 
measurement). 

Ground  parameters  are  thought  to  be  the 
worst  case  situation  for  lightning  threats. 
Current  and  field  amplitudes  and  rate  of 
rise  are  thought  to  decrease  with  altitude 
[4].  Hence,  the  most  severe  lightning 
threat  to  aircraft  Is  a  severe  lightning 
strike  on  the  ground. 

The  Initial  lightning  threat  outlined  In 
this  paper  Is  based  on  these  ground 
measurements.  A  final  AEHP  threat  will  take 
Into  account  altitude  effects  Including  In 
flight  data. 

DATA  APPLICABILITY  -  The  present  threat 
definition  is  based  on  ground  based  direct 
current  measurements.  The  data  sets  used 
were  taken  from  available  statistical 


studies  on  measured  lightning  current 
parameters  [5-8],  Current  parameters 
derived  from  field  measurements  were  not 
used  In  the  Initial  threat  definition.  The 
statistics  were  not  yet  available  when 
establishing  the  threat. 

Measurement  errors  exist  associated  with 
both  direct  current  measurements  and 
currents  derived  from  field  values.  These 
uncertainties  mutt  be  established  before  a 
more  complete  and  thorough  use  of  the 
presently  available  data  can  be 
Implemented.  Data  limitations  due  to 
measurement  techniques  are  listed  below  for 
the  most  recent  statistical  data  sets 
available. 

Berger ,  Garbagnatl  -  Berger  [5'J  In 
Switzerland  and  Garbagnatl  [6]  In  Italy  have 
made  a  series  of  direct  current  measurements 
using  towers  on  mountain  tops.  Berger's 
data  Is  measured  on  a  70  m  tower  on  top  of 
Mount  San  Salvadore  which  Is  814  m  above  sea 
level.  Garbagnatl ' s  measurements  are  from 
40  m  towers  on  Italian  mountains  near  San 
Salvadore.  Berger's  latest  data  Is 
comprised  of  101  negative  and  26  positive 
first  strokes  and  135  subsequent  strokes. 
Garbagnatl  has  103  negative  and  5  positive 
first  strokes  and  175  subsequent  strokes. 

Uncertainties  associated  with  both 
Berger  and  Garbagnatl' s  data  arise  from  the 
fact  that  both  used  towers  oh  rocky  mountain 
tops.  The  presence  of  the  tower  may  have 
two  effects  on  the  data  taken.  The  presence 
of  the  tower  may  Influence  the  statistics  of 
the  lightning  strikes.  For  example,  larger 
amplitude  strokes  are  thought  to  strike  tall 
towers  [1].  The  distance  over  which  a 
structure  attracts  a  downward  leader  Is  e 
function  of  the  charge  on  the  leader  which. 
In  turn,  Is  related  to  the  amplitude  of  the 
current  In  the  return  stroke  [4].  Therefore, 
lightning  strikes  to  open  ground  should  have 
a  greater  proportion  of  lower  currents  while 
taller  structures  should  have  a  higher 
number  of  more  Intense  currents.  Another 
statistical  fluctuation  may  be  In  the  number 
of  positive  strokes  seen.  Evidence  exists 
that  positive  flashes  may  Increase  with 
altitude  [1,  5],  If  this  trend  holds  true 
to  aircraft  altitudes,  then  any  statistics 
taken  near  the  ground  will  not  be  the 
statistics  at  altitude.  The  statistics  of 
lightning  strikes  to  aircraft  are  the 
statistics  of  Interest  here.  Any  way  of 
measuring  lightning  strike  statistics  other 
than  to  the  specific  aircraft  under  mission 
conditions  will  not  reflect  the  true 
statistics  of  interest.  Obviously, 
compromises  on  this  Issue  Will  have  to  be 
made  and  some  estimates  of  the  errors 
Involved  must  be  established. 


The  presence  of  a  tower  in  direct 
current  measurements  also  affects  the 
measurements  themselves.  The  maximum  rise 
rate  Is  effected  by  the  tower  Inductance  and 
ground  impedance  effects.  The  magnitude  of 
this  effect  needs  to  be  established. 

The  early  time  portion  of  the  waveform 
may  also  be  effected  due  to  the  presence  of 
the  upwsrd-golng  leaders  which  may  lead  to 
slower  rise  times  for  tall  objects  [7].  The 
leader  effect  should  be  more  pronounced  for 
first  return  strokes  than  for  subsequent 
strokes  since  subsequent  strokes  are  not 
thought  to  have  long  upward  propagating 
leaders.  Both  Berger  [5]  and  Garbagnatl 's 
[6]  data  show  much  higher  rates  of  rise  for 
subsequent  than  first  return  strokes  while 
Uman  [93  and  Weldman  and  Krlder  [10,  11] 
report  no  difference  In  current  rates  of 
rise  derived  from  fields.  This  difference 
Indicates  that  either  the  leader  presence 
does  affect  the  tower  measurements  or  that 
the  current  model  used  to  derive  current 
parameters  from  field  data  Is  not  accurate. 
This  discrepancy  needs  to  be  cleared  up. 

Uman  and  Krlder  -  Uman  and  Krlder  have 
spent  many  years measuring  and  analyzing 
electric  and  magnetic  fields  of  various 
types  of  lightning  [9-16],  They  have  found 
much  higher  field  rise  times  (under  a 
microsecond)  than  have  been  seen  In  direct 
current  measurements.  The  fast  rise  times 
were  seen  In  measurements  over  salt  water. 
Propagation  over  salt  water  does  not 
attenuate  the  high  frequencies  as  severely 
as  earth.  The  upper  frequency  Halt  Is  felt 
to  be  20  MHz  [12]  due  to  wave  action  Influ¬ 
encing  measurements  above  20  MHz.  This  data 
Is  very  useful  In  establishing  validity  of  a 
physical  current  model  from  which  EM  fields 
can  be  calculated  and  compared  to  the 
measured  results. 

To  use  this  data  In  establ  shaient  of  a 
lightning  current  threat,  the  uncertainty 
associated  with  deriving  currents  from  EM 
field  measurements  must  be  established. 
First,  uncertainties  arise  from  the 
measurements  due  to  equipment  limitations, 
resonance  effects,  propagation  effects, 
etc.  Second  and  more  serious  are 
uncertainties  due  to  the  assumptions  In  the 
current  models  and  the  number  of  parameters 
needed  to  fit  the  data.  The  first  type  of 
uncertainty  can  be  readily  quantified.  The 
second  needs  to  be  examined.  In  Uman's 
model,  current  Is  assumed  to  propagate  up 
the  channel  at  constant  velocity.  The 
channel  Is  taken  to  be  vertical  with  the 
Initiation  of  the  stroke  at  the  ground. 
Three  types  of  current  profiles  (uniform  or 
leader  current,  breakdown  current  and  corona 
current)  have  been  Incorporated  to  fit 
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simultaneous  electric  and  magnetic  fields  at 
two  distances.  The  pulse  velocity  Is  an 
Input  to  the  model  and  Is  not  well  known. 
Assuming  the  velocity  to  be  constant  with 
height  may  also  add  uncertainties  to  the 
results.  The  corona  current  shape  Is 
somewhat  arbitrary  as  stated  by  Lin  et  al 
[13].  The  non-uniqueness  of  the  current 
decomposition  Is  a  major  problem  and  the 
uncertainties  due  to  this  have  not  yet 
established.  The  assumption  that  the 
Initiation  point  Is  at  the  ground  and  not 
above  has  been  argued  [14]  to  Introduce  a 
factor  of  two  error  due  to  the  two  return 
front  waves  produced  above  ground.  Lastly, 
the  effect  of  the  assumptions  that  the 
column  Is  vertical  and  straight  must  be 
taken  Into  account.  Differences  between 
current  measurements  on  towers  end  those 
derived  from  field  values  have  to  be 
reconciled  before  a  fully  consistent  ground 
based  lightning  threat  can  be  established. 

Data  summarized  by  Clanos  and  Pierce  [7] 
was  used  In  this  establishment  of  the 
Initial  llghtRlng  threat.  The  data  was  a 
compilation  of  work  prior  to  1972  and  Is 
limited  by  the  time  resolution  used  In  the 
data  collection.  This  skews  the  results 
toward  longer  rise  times  and  lower  rise 
rates. 

Oat*  collected  and  revlewad  by 
Popolansky  [8]  Include  not  only  results 
obtained  on  tall  chimneys  and  lightning  rods 
but  also  the  negative  and  positive  first 
strokes  recorded  by  Berger,  totaling  62* 
waveforms.  The  resulting  cumulative 
frequency  distribution  curve  produces  a 
median  value  of  26  kA.  Berger  e*  al  [S] 
conclude  that  the  median  values  obtained  on 
Mount  San  Salvatore  and  on  tall  chimneys  In 
open  country  are  similar.  However,  slopes 
of  Poplansky's  and  Berger's  data  curves  do 
not  coincide  completely  (see  Figures  9  and 
10). 

Anderson  and  Eriksson  [1]  In  South 
Africa  measured  lightning  currents  on  a 
tower  located  In  open  country.  Unlike 
Berger  and  Garbagnatl,  the  measurements  were 
taken  on  flat  terrain.  Only  a  small  number 
of  strokes  (eleven)  were  analyzed  with  a 
maximum  current  rise  rate  of  180  kA/ys  for 
a  subsequent  stroke.  This  Is  a  higher  level 
both  In  absolute  value  and  relative 
percentage  than  Berger's  or  Garbagnatl's 
measurements.  With  so  few  events,  however, 
definite  comparisons  are  premature. 

Recently  current  waveforms  are  being 
measured  on  aircraft  In  flight  by  NASA  [17, 
18].  To  date  cloud  discharges  dominate 
their  results.  The  1963  program  will 
attempt  to  measure  some  cloud-to-ground 
strikes. 


THREAT  RATIONALE  -  No  single  waveform 
can  represent  all  types  of  lightning 
discharges  (e.g.,  cloud-to-ground.  Intra- 
cloud,  positive  strokes,  negative  first 
strokes,  and  negative  subsequent  strokes). 
It  fs  necessary  to  select  parameters  from 
particular  stroke  types  which  provide 
reasonably  conservative  threat  levels  for 
all  strokes.  Cloud-to-ground  strokes  were 
chosen  because  they  are  generally  more 
severe,  although  a  less  frequent  threat  to 
aircraft,  than  Intracloud  discharges.  On 
this  basis,  the  threat  waveform  parameter 
values  were  chosen  as  described  below. 

Peak  Current  -  The  peak  current  was 
chosen  from  the  statistical  study  done  by 
Clanos  and  Pierce  [7].  The  moderate  threat 
level  of  20  kA  was  chosen  at  their  50%  level 
for  first  return  strokes.  The  severe  threat 
of  200  kA  was  chosen  at  their  upper  1%  level. 

Action  Integral  -  The  action  Integral 
was  "also  chosen  "from  Clanos  and  Pierce 
data.  Peak  current  values  and  mean  rise  and 
fall  times  were  used  to  determine  a  awderate 
energy  Input  level  of  1.5  x  IQ4  A2-s  and 
a  severe  level  of  1.5  x  10fiA?~s. 

Rate  of  Rise  -  Rise  rate  data  displayed 
by  llanos  amT"  Pierce  has  recently  been 
Interpreted  to  be  too  low.  More  recent 
statistical  data  [4,  6,  8,  13]  has  shown 
higher  current  rates  of  rise.  The  values 
for  the  Initial  threat  determination  were 
taken  from  Berger's  [6]  tower  measurements. 
The  moderate  value  of  50  kA/ys  lie  at  his 
upper  35%  mark  while  the  severe  threat  of 
200  kA/ys  was  chosen  at  his  IX  level. 

COMPARISON  TO  PRIOR  LIGHTNING  STANDARDS 
•  In  this  section,  the  lightning  threat 
defined  in  Figures  3-5  is  compared  against 
other  Industry  lightning  standards.  Table  1 
summarizes  comparisons  between  previously 
used  standards  and  the  present  threat 
definition.  Only  the  severe  threat  Is 
compared  since  the  other  standards  represent 
severe  strikes. 

Current  rise  rate  values  are  given  In 
the  first  column  of  Table  I.  The  values  In 
parenthesis  ore  obtained  from  the  peak 
currant  value  divided  by  the  rise  time  for 
the  corresponding  standard.  This  gives  an 
average  rise  time  or  a  maximum  rise  time  If 
the  Initial  current  waveform  Is  a  straight 
line.  The  straight  line  waveform  for  the 
Initial  current  rise  Is  used  In  the  SAE-4L 
standards.  The  rise  time  for  the  AEK  threat 
Is  the  peak  rate  of  rise,  not  an  average. 
For  a  double  exponential  waveform  these 
quantities  are  substantially  different.  The 
peak  rate  of  rise,  not  the  average,  is  the 
Important  quantity  whan  specifying  a 
lightning  threat.  This  difference  between 


i 

j 


i 


* 

f 

f 

I 

l 

} 


peak  and  average  rate  of  rise  leads  to  the 
AEH  higher  standard  for  rise  rate. 

The  peak  and  average  rate  of  rise 
definition  also  leads  to  an  AEH  rise  tine 
different  from  other  Industry  standards. 
This  difference  Is  shown  In  column  3  of 
Table  I.  The  longer  AEH  rise  time  Is  due  to 
the  double  exponential  waveform  used.  Other 
standards  use  ramp  functions.  However,  the 
rise  rate,  not  the  rise  time.  Is  the 
Important  parameter  when  considering 
possible  damage  to  aerospace  vehicles. 

The  peak  current  and  fall  time  are 
listed  In  columns  2  and  4.  The  AEH  Initial 
threat  values  agree  with  those  previously 
used. 

LIGHTNING  THREAT  COMPARISON  TO  MEASURED 
DATA  -  Comparison  with  available  data  Is 
presented  In  this  section.  The  data 
presented  Is  the  most  recent  found  In  the 
literature.  Each  model  parameter  Is 
examined  separately  below.  All  the  model 
parameters  chosen  He  within  reasonable 
statistics  of  this  data. 

Uman-Krlder  Measured  Field  Data 
Comparison  -  A~"compar1  son  Is  made  In  this 
section  to  measured  electric  fields 
presented  by  Uman  and  Krlder  [3].  The 
comparison  of  a  lightning  current  profile  to 
electric  radiation  field  data  Is  not 
straightforward  If  lightning  geometry, 
propagation  effects,  height  dependence  of 
lightning  current,  etc.  are  taken  Into 
account.  Since  the  comparison  presented 
here  Is  meant  to  be  preliminary,  a  simpler 
procedure  will  be  followed.  The  magnetic 
radiation  field  is  calculated  from  an 
Infinite  current  carrying  wire.  This 
approximation  Is  valid  close  to  the  wire 
(less  than  a  wavelength  away).  This  minimum 
distance  Is  300  km  for  lKHz  and  goes  to  3km 
at  100  KHz.  The  electric  radiation  field  Is 
obtained  from  the  magnetic  radiation  field 
assuming  free  space  radiation.  The  results 
for  both  moderate  and  severe  current 
profiles  are  plotted  In  Figure  6  against 
Uman  and  Krlder' s  electric  field  spectra  for 
first  strokes.  The  threat  levels  tend  to  be 
well  above  the  data  for  low  frequency  and 
straddling  the  data  at  higher  frequency. 
The  shape  of  the  frequency  spectra  of  the 
predicted  fields  matches  the  measured  fields 
fairly  well.  More  recent  measurements  by 
Krlder  have  shown  higher  rates  of  rise.  The 
newer  spectra  have  more  high  freauency 
content,  larger  than  the  AEHP  Initial  threat 
levels. 

Current  Rise  Rate  -  The  slnple  stroke 
threat  value  for  "maximum  currant  rise  rate 
Is  given  In  Figure  5  as  50  kA/ys  for  a 
moderate  stroke  and  200  kA/ys  for  a  severe 


stroke.  These  values  correspond  to  the 
upper  35%  and  upper  It  as  shown  In  data  from 
Berger  [S3  In  Figure  7.  Note  that  no 
measurements  were  made  with  a  rate  of  rise 
greater  than  100  kA/ys.  Figure  7  also 
shows  older  data  accumulated  by  Clanos  and 
Pierce  [7].  The  moderate  and  severe  threat 
correspond  to  the  upper  12t  and  upper  O.lt 
values.  This  data  Is  taken  from  average 
rates  of  rise  rather  than  maximum  values. 
Thus  the  threat  values  show  as  higher 
percentiles  as  compared  to  Berger's  data. 
Data  from  Garbagnatl  [5]  Is  shown  In  Figure 
8.  The  moderate  threat  Is  at  tha  upper  10% 
mark  In  (a)  and  upper  35t  In  (b).  The 
severe  threat  Is  at  the  upper  3t  In  (a)  and 
1.5%  In  (b).  These  statistical  values  agree 
well  with  the  choice  of  rise  rate  picked  for 
the  current  threat  levels.  No  direct 
current  data  has  baen  directly  measured 
showing  current  rise  rate  greater  than  180 
kA/ys.  Higher  current  rates  of  rise 
values  (up  to  400  kA/ys)  have  been 
reported  [2]  but  are  Inferred  from  field 
measurements.  The  choice  of  200  kA/ys  for 
the  severe  threat  level  was  In  anticipation 
of  using  some  of  these  higher  current  rise 
rate  values  derived  from  trie  field  data.  A 
study  of  the  uncertainties  Inherent  In  both 
the  tower  measurements  as  well  as  the  field 
derived  current  values  may  lead  to  a  change 
In  the  final  rise  rate  values  chosen. 

Peak  Current  -  peak  current  values  taken 
from  Poplansky’s  data  [8]  are  shown  In 
Figure  9.  The  moderate  (20  kA)  and  severe 
(200  kA)  threat  values  lie  at  601  and  It 
respectively.  Data  In  Figure  10  from  Berger 
[5]  show  the  threat  values  to  lie  at  801  and 
0.1%,  respectively.  Figure  11  Is  date  from 
Garbagnatl  [6].  The  moderate  threat  Is  at 
60%  In  (a)  and  45%  In  (b).  The  severe 
threat  Is  less  than  O.lt  In  both  figures. 
The  moderate  threat  Is  close  to  a  median 
value  In  Figures  9  and  11.  Figure  10  shows 
20  kA  to  be  a  very  optimistic  moderate 
threat  level  at  the  upper  801  level.  The 
severe  threat  amplitude  shows  as  a  very 
severe  threat  ( <0.1%)  In  both  Berger  and 
Garbagnatl ‘s  negative  stroke  data,  but  Is  at 
the  desired  It  level  In  Poplansky's  data. 
If  ona  considers  positive  strokes.  Berger’s 
shows  the  severe  threat  level  to  lie  at  the 
upper  81.  Debate  is  ongoing  as  to  the 
Importance  of  positive  strikes  as  a  threat 
to  aircraft. 

Action  Integral  -  The  last  parameter 
chosen  Tn  the  threat  definition  Is  the 
energy  Input  or  action  Integral.  Figure  12 
shows  the  Berger  data.  The  percentiles  for 
the  moderate  threat  case  range  from  251  to 
851  for  negative  subsequent  and  first  return 
strokes. 

Figure  13  shows  moderate  threat  levels 
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for  these  two  stroke  types  to  lit  at  the 
upper  ASi  and  80%,  respectively.  The  severe 
threat  levels  show  as  upper  1%  both  In 
Berger's  data  (Figure  12)  and  Garbagnatl ‘s 
first  return  stroke  data  (Figure  13).  The 
moderate  value  of  the  energy  Input  Is  seen 
to  be  overly  severe  for  subsequent  strokes 
but  overly  optimistic  for  first  return 
strokes  (at  least  for  Measurements  taken  at 
the  ground). 

Rise  Time  -  The  rise  time  of  the  threat 
model  Is  "a  consequence  of  fixing  the  maximum 
current  rise-rate,  the  peak  current  and  the 
action  Integral.  Rise  time  Is  not  fixed 
Independently  of  these  parameters. 
Consequently,  comparing  rise  time  to  data 
gives  an  Indication  of  the  general  adequacy 
of  the  form  of  the  double  exponential  used 
to  model  the  lightning  current.  Figure  14 
from  Berger  shows  the  moderate  threat  rise 
time  of  2ps  falling  at  25%  and  95%  for 
subsequent  and  first  strokes  respectively. 
The  severe  threat  value  of  4ps  lies  at  the 
6%  and  70%  mark  respectively.  Figures  15a 
and  b  show  results  from  Garbagnatl.  Figure 
15a  shows  moderate  and  severe  percentile  of 
70%  and  43%.  Figure  15b  shows  valuos  of  25% 
and  3%.  The  data  Is  widely  scattered  over  a 
large  range  of  rise  times.  The  values 
chosen  fall  within  this  middle  range  of  the 
data. 

Figure  15  from  [11]  shows  results  that 
have  very  short  rise  times  (<lps). 
These  results  are  from  field  measurements 
taken  over  salt  water.  The  relationship  to 
data  taken  over  land  Is  not  completely 
understood.  This  data  does  Indicate, 
however,  that  much  shorter  rise  times  may 
have  to  be  Included  In  a  future  threat.  The 
Impact  of  short  rise  times  on  the  lightning 
threat  Is  through  the  related  parameter  rise 
rate.  Generally  the  shorter  the  rise  time, 
the  higher  the  rise  rate,  although  the 
relationship  Is  waveform  dependent.  Large 
current  rise  rate  values  could  Increase  the 
amount  of  protection  an  aircraft  must  have 
to  guard  against  lightning  strike  upsets  or 
damage. 

Fall  Time  to  Half  Peak  -  The  fall  time, 
like-  the  rise  time,  is  determined  by  the 
preceedlng  parameters  so  no  fit  to  data  was 
done  when  >:*fin1ng  the  threats.  Figure  17 
from  Berger  shows  the  moderate  and  severe 
threat  fall  time  of  50ps  to  lie  at  30%  and 
80%  for  negative  subsequent  and  negative 
first  strokes  respectively.  Figure  18  from 
Garbagnatl  shows  the  threat  value  ranging 
from  the  35%  to  75%  level  In  18(a)  and  Is 
30%  In  18(b).  The  threat  value  Is  well 
within  the  median  range  of  the  ebove  data. 
This  parameter  affects  the  lightning  threet 
through  the  energy  input  or  action 
Integral.  The  longer  the  fall  time,  the 


higher  the  current  level  for  a  longer  time.  * 
This  Implies  more  energy  It  available  to  be 
coupled  Into  aircraft  systems. 

F-106  Comparison  -  During  the  suamers  of 
1981  and 1982 ,  Seeing  data  loggers  were 
flown  on  a  NASA  F-106  for  the  purpose  of 
obtaining  data  on  direct  lightning  strikes. 

This  was  part  of  NASA's  Storm  Hazards 
program.  One  strike  was  recorded  by  the 
data  loggers  In  1981  and  ten  In  1982.  These 
waveforms  are  thought  to  be  all  cloud  to 
cloud  or  Intracloud  events  due  to  the  high 
altitude  of  the  measurements  (25  Kft  In  1981 
and  25-35  Kft  In  1982). 

The  largest  current  amplitude  recorded 

was  14  kA.  The  largest  rise  rate  was  30 
kA/ps.  These  amplitudes  are  well  below 
the  AEHP  threat  level.  Frequency  spectra 
were  obtained  for  all  waveform  and  a  mean 
and  standard  deviation  calculated.  The 
F-106  spectra  are  compared  to  the  AEHP 
lightning  threat  levels  In  Figure  19.  Up  to 
the  Nyqulst  frequency  (TO  MHz),  the  threat 
level  Is  well  above  the  measured  strikes. 

The  data  Is  very  limited  (only  eleven 
events)  and  represents  Intracloud  rather 

than  cloud  to  ground  strikes.  Further 

flights  In  1983  are  hoped  to  obtain  more 

cloud-to-ground  events. 

STATIC  ELECTRIFICATION 

Static  electrification  of  a  conventional 
aircraft  can  occur  In  various  ways  as 
Illustrated  In  Figure  20.  Figure  20(a) 
lllustratas  frictional  electrification;  as 
uncharged  precipitation  particles  strike  the 
aircraft,  they  acquire  a  positive  charge, 
leaving  an  equal  and  opposite  negative 

charge  on  the  aircraft  and  raising  Its 

potential  to  tens  or  hundreds  of  thousands 
of  volts.  Charging  occurs  both  on  the  metal 
structure  of  the  aircraft  and  on  dielectric 
surfaces  such  as  the  windshield.  Dielectric 
surfaces  can  thus  become  charged  with 
respect  to  the  airframe.  Engine  charging. 

Illustrated  In  Figure  20(b),  occurs  when 
flight  vehicles  are  operated  at  low 
altitudes.  Processes  as  yet  Incompletely 
understood  occur  within  the  engine 
combustion  chamber  and  cause  a  predominantly 
positive  charge  to  be  expelled  with  the 
engine  exhaust.  This  causes  an  equal  and 
opposite  (negative)  charge  to  be  Imparted  to 
the  aircraft  charging  It  to  potentials  of 
tens  or  hundreds  of  thousands  of  volts. 
Exogenous  charging.  Illustrated  In  Figure 
20(c),  occurs  when  the  vehicle  flies  In  a 
region  of  electric  field,  such  as  that 

generated  between  oppositely  charged  regions 
of  clouds;  this  field  can  cause  discharges 
to  occur  from  the  extremities  of  the  vehicle. 

The  operational  conditions  under  which 
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static  electrification  can  occur  depend 
somewhat  on  the  class  of  vehicle.  Since 
airplanes  encounter  severe  charging  during 
operation  In  clouds  In  horizontal  flight, 
electrification  can  continue  for  consider¬ 
able  periods  of  time  on  all-weather 
missions.  On  Jet  aircraft  operating  at  low 
altitude,  engine  charging  can  be  an 
additional  source  of  long-term  electrifi¬ 
cation.  Helicopters  become  charged  while 
flying  through  naturally  occurring  clouds. 
In  addition,  a  hovering  helicopter  can  stir 
up  snow  or  dust  thereby  generating  Its  own 
cloud  of  particles  to  produce  frictional 
electrification.  Thus,  helicopters 
encounter  static  problems  In  regions  where 
conventional  aircraft  do  not. 

The  charging  process  Itself  produces 
virtually  no  difficulty,  but  vehicle  voltage 
and  electric  fields  can  become  so  high  after 
a  period  of  time  that  electrical  discharges 
occur.  It  Is  the  discharge  of  the  accumu¬ 
lated  static  electricity  that  generally 
produces  the  most  harmful  effects. 

NOISE  SOURCES  -  An  Important  consequence 
of  static  electrification  Is  electrical 
noise.  The  various  noise  mechanisms  that 
have  been  Identified  are  shown  In  Figure  2. 
As  the  alrplene  becomes  charged,  the 
electric  fields  at  the  extremities  of  the 
vehicle  become  sufficiently  high  to  cause 
corona  breakdown  of  the  air.  At  the 
operating  altitude  of  airplanes,  this 
breakdown  occurs  as  a  series  of  very  short 
pulses  containing  energy  In  the  radio 
frequency  spectrum.  These  noise  pulses  can 
couple  Into  communication,  navigation,  or 
digital  circuitry  to  produce  Interference. 

Another  source  of  noise  occurs  when 
dielectric  surfaces  on  the  front  of  the 
elrplane,  such  as  the  windshield  and  radome, 
are  exposed  to  frictional  charging,  as 
Illustrated  In  Figure  2.  These  surfaces  can 
be  charged  by  Impinging  particles.  Since 
these  materials  are  Insulators,  the  charge 
Is  bound  at  the  place  where  It  was  deposited 
and  cannot  be  discharged  until  sufficient 
electric  charge  has  accumulated  to  produce  a 
streamer  (a  spark-ilka  discharge)  across  the 
dielectric  surface  to  the  metal  airframe. 
Streamer  discharges  are  slow  in  duration, 
and  Involve  the  transport  of  charge  over  a 
large  distance.  They  therefore  produce 
radio  frequency  Interference  whlt/i  can 
couple  Into  susceptible  systems  on  the 
aircraft.  In  some  cases,  the  streamerlng  on 
a  square  Inch  of  surface  In  a  critical 
location  Is  sufficient  to  disable  systems. 

A  third  source  of  Interference  that 
often  occurs  Inadvertently  on  airplanes  Is 
associated  with  sparking  between  unbonded 
adjacent  metal  sections  of  the  aircraft. 


For  example.  In  Figure  2,  a  break  shows  In 
the  wing;  charging  processes  on  the  airframe 
will  raise  the  potential  of  the  Inboard 
section  with  respect  to  the  outboard  sactlon 
until  a  spark  occurs  in  tht  gap.  This  spark 
produces  a  short  current  pulse,  which  Is 
also  a  source  of  noise.  In  flight,  the 
current  required  for  corona  discharge  from 
the  Isolated  wing  tip  Is  supplied  from  the 
remainder  of  the  airplane. 

Finally,  slowly  varying  induction  pulses 
can  be  produced  In  antennas  by  the  passage 
of  charged  particles.  This  noise  Is  of 
Importance  only  et  VLF  or  ELF  and  does  not 
pose  much  of  e  problem  to  conventional 
communication  and  navigation  equipment. 
With  the  advent  of  systems  operating  at 
frequencies  of  the  order  of  10  kHz,  however, 
Induction  noise  should  be  considered. 

CHARGING  PARAMETERS  -  Tht  Interference 
problem  due  to  any  of  these  noise  sources 
depends  on  the  charging  rata  of  the  plane. 
The  most  Important  process  as  measured  In 
flight  tests  Is  frictional  charging. 

The  precipitation  charging  currant  to  a 
vehicle  Is  given  by  [18] 

1  -  qp  c  v  A,ff 

where 

qp  •  Charge  per  particle 
c  ■  Particle  concentration 
v  ■  Aircraft  velocity 
Agff  ■  Effective  Intercepting  area 
of  aircraft. 

The  various  parameters  In  the  equation 
and  their  Interdependencies  have  been 
studied  analytically,  In  the  laboratory  and 
In  flight,  and  are  generally  understood  for 
the  operating  regimes  of  current  aircraft. 
Typical  values  of  pertlcla  parameters  for  an 
aircraft  operating  In  tht  subsonic  flight 
regime  art  given  In  Table  II  for  two  cloud 
types. 

Table  II  Precipitation  Particle  Parameters 
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Cloud  Type 

Pico  Coulomb 

«i 

Cirrus 

1  -  10 

2  X  10< 

Thunderstorm 

1  -  35 

5  X  10« 

Anvil 

Laboratory  experiments  Involving  the 
charging  of  projectiles  fired  through  Ice 
crystal  clouds  were  conducted  to  determine 
the  relationship  between  the  charge  acquired 
and  the  Impact  velocity.  The  results  of 
these  experiments  Indicate  that  the  projec- 


tile  charge  decreases  with  Increasing 
velocity.  These  results  were  further 
verified  by  flight  tests.  It  was  noted  that 
the  observed  effect  might  be  caused  by  the 
melting  of  the  Ice  crystals  by  the  energy  of 
the  Impact,  since  flight-test  experience 
Indicates  that  clouds  composed  of  water 
droplets  tend  to  charge  an  aircraft  at  a 
much  lower  rate  than  do  clouds  containing 
Ice  crystals.  Thus,  If  an  Ice  crystal  Is 
completely  melted  upon  Impact,  greatly 
reduced  charging  would  result. 

The  effective  Intercepting  area,  A^ff, 
as  been  found  to  be  affected  by  aircraft 
speed  as  well  as  body  shape.  The  results  of 
studies  of  water  droplet  Impingement  on 
airfoils  Indicate  that  the  effective 
Intercepting  area  of  a  typical  aircraft 
would  Increase  with  speed  [19].  The 
decrease  of  particle  change  and  the  Increase 
of  Intercepting  area  with  aircraft  speed 
together  predict  the  charging  current  shown 
In  Figure  21  [19].  Because  of  Ice-crystal 
melting,  the  figure  shows  that  the  charging 
rate  decreases  rapidly  at  speeds  above  1500 
mph.  The  maximum  charging  current  occurs  at 
about  1400  mph  and  Is  only  2.6  times  the 
charging  current  at  600  mph.  This  result  Is 
highly  significant  In  that  It  Indicates  that 
precipitation  static  problems  on  highly 
supersonic  aircraft  are  not  appreciably  more 
severe  than  they  are  on  subsonic  aircraft. 

CORONA  -  As  the  static  charging 
Increases,  the  electric  potential  of  regions 
of  the  aircraft  Increases  to  the  point  that 
corona  discharges  take  place.  These 
discharges  are  In  the  form  of  a  series  of 
short  pulses.  The  precise  amplitude  and 
time  structure  are  a  function  of  aircraft 
altitude  and  discharge  point  radius. 
Laboratory  measurements  of  corona  discharge 
Indicates  that  at  atmospheric  pressure,  the 
pulse  repetition  frequency  Is  the  order  of 
105  pulses  per  second  when  the  discharge 
current  Is  lOOpA  [20]. 

The  corona  discharge  noise  spectrum  has 
been  measured  by  Vessllades  [21]  and  Tanner 
end  Nanevlcz  [22]  from  500  kHz  to  12  MHz  as 
a  function  of  altltuda  and  discharge 
current.  At  high  values  of  DC  discharge 
current,  the  coronal  noise  spectral  density 
varies  as  the  square  root  of  the  discharge 
current.  Oh,  et  el  [23]  extended  the  noise 
spectrum.  Measurements  were  made  up  to  1 
GHz  and  extrapolated  to  10  GHz  using 
theoretical  predictions. 

Figure  22  [23]  shows  some  characteris¬ 
tics  of  this  spectrum.  Note  that  the  low 
frequencies  are  a  larger  threat  for  high 
altitudes.  This  trend  with  altitude  changes 
for  higher  frequencies.  Above  about  10  MHz, 


higher  noise  levels  are  present  for  lower 
altitudes. 

STREAMERS  -  When  charge  Is  deposited  on 
dielectric  surfaces  such  as  radomes,  wind¬ 
shields  or  composite  material  structures,  It 
cannot  flow  freely  to  other  parts  of  the 
aircraft  because  of  the  Insulating  character 
of  these  surfaces.  If  the  potential  between 
these  surfaces  and  the  main  body  of  the 
aircraft  becomes  too  great,  a  surface 
streamer  discharge  will  occur. 

The  charge  transferred  by  a  single 
streamer  discharge  Is  1  to  1.5  x  10~9 
Coulomb.  This  Is  roughly  the  some  as  the 
charge  transfer  In  a  corona  uulse.  The 
difference  In  pulseforms  produced  by  the  two 
mechanisms  results  from  the  difference  In 
the  lengths  of  the  two  discharges.  The 
corona  discharge  extends  to  only  one  tip 
radius  from  tha  burr  or  other  Imperfection 
from  which  It  occurs.  A  streamer  on  the 
other  hand  extends  many  Inchea  out  on  to  the 
dielectric.  This  long  discharge  length 
causes  the  streamer  to  contain  substantial 
low  frequency  energy. 

Measured  streamer  noise  spectra  [23]  are 
given  In  Figure  23  as  a  function  of  sample 
area.  The  noise  spectra  Is  proportional  to 
area  since  the  total  charga  stored  and  thua 
the  discharge  current  Is  proportional  to 
area.  Measurements  were  made  to  1  GHz  end 
extended  to  10  GHz  as  for  the  coronal  noise 
spectrum. 

COUPLING  OF  NOISE  TO  AIRCRAFT  SYSTEMS  - 
In  general,  noise  sources  on  an  aircraft  are 
located  In  one  place,  and  tha  affactad 
antenna  or  systam  are  located  somewhere 
else.  To  calculate  the  Interference  to  a 
systam  by  a  noise  source.  It  Is  necessary  to 
deflnt  tha  coupling  between  the  source  and 
problam  systam.  Maasuramants  have  been 
Made,  for  exempli,  for  a  Boeing  707  and  a 
helicopter.  Using  tha  measured  coupling 
values,  noise  source  spectre  can  b* 
calculated  and  measured.  Examples  are  shown 
In  Figure  24  [20]  for  given  source  current 

levels.  Note  that  both  coronal  and  streamer 

noise  levels  ere  much  larger  than  either 

daytime  or  nighttime  atmospheric  noise 
levels.  Note  also  that  for  the  helicopter 
spectre,  the  low  frequency  streamer  noise  Is 
a  factor  of  two  higher  than  the  coronal 

noise. 

CONCLUSIONS 

An  atmospheric  electricity  threat 
covering  the  lightning  and  static 
electrification  threats  have  been 
presented.  The  lightning  threat  level  was 
compared  to  available  current  measurements. 
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Static  electrification  was  characterized 
Including  both  steamers  and  corona. 

The  lightning  threat  Is  based  on  ground- 
based  direct  current  tower  measurements.  To 
more  correctly  assess  the  ground  lightning 
threat,  the  available  data  sets  (Including 
Berger,  Garbagnatl ,  Uman,  Eriksson,  Clanos 
and  Pierce  and  Popalansky)  must  be 
critically  assessed  as  to  accuracy  and 
limitations.  The  earlier  data  (Clanos  and 
Pierce  and  Popalansky)  do  not  reflect  the 
recent  fast  rise  times  measured  and  so  are 
biased  to  smaller  rise  rates.  Both  tower 
current  data  and  current  values  derived  from 
field  measurements  are  subject  to 
uncertainties.  These  uncertainties  need  to 
be  quantitatively  assessed  for  use  In  an 
updated  current  threat  level. 

Static  electrification  threat  levels  may 
change  In  the  future  as  new  technology 
(fly-by-wire)  end  materials  (graphlte/apoxy, 
Kevlar,  ate.)  are  used  In  newer  elrcreft. 
Charging  rates  and  location  of  corona  and 
streamers  may  change  as  well  as  the  coupling 
to  aircraft  systems.  As  new  technology 
aircraft  art  designed,  static 
electrification  threat  levels  will  have  to 
be  updated. 

RECOMMENDATIONS 

The  atmospheric  electricity  threat 
directly  affects  aircraft  protection. 
Uncertainty  In  the  threat  level  Impose*  a 
penalty  factor  for  all  future  technology 
aircraft.  New  materials  (graphite 
composite,  Kevlar,  etc),  fly-by-wire  flight 
control  and  Increased  systems  Integration 
Introduce  new  requirements  for  protection. 
An  accurate  atmospheric  threat  level  Imposes 
the  least  overprotection  requirements  with 
consequent  lower  cost  and  weight  penalties. 
The  present  uncertainty  In  the  atmospheric 
electricity  threat  Is  estimated  to  be  a 
factor  of  two  from  the  present  AEH  threat 
definition.  The  only  way  to  Increase  the 
accuracy  of  the  threat  Is  By  obtaining  more 
data.  This  objective  can  be  accomplished  In 
the  following  ways: 

1.  Airborne  data  collection.  This  Is 
t he  most'  critical  net?  for  defl nl  ng  an 
airborne  threat  level.  Flight  tests  should 
bn  continued  to  establish  a  future  data 
base.  This  method  Is  expensive  and  will  not 
yield  a  large  enough  volume  of  data  for  many 
years.  The  Immediate  benefit  would  be 
better  understanding  of  the  Interaction 
between  naturally  occurring  lightning  and 
aircraft  In  flight. 


towers  need  calibration  to  establish  effects 
of  the  tower  Inductance  and  local  ground 
Impedance  on  the  lightning  current 
waveforms.  Geographical  effects  on 
lightning  could  be  established  by  e  network 
of  towers.  Rocket  triggered  lightning 
experiments  offer  the  edventege  of  near 
certain  strikes. 

3.  Simultaneous  measurements.  This 
would  allow  correlation  of  f1eT3s,  visual 
pictures  of  the  stroke,  and  luminosity 
measurements  as  a  function  of  time.'  These 
would  help  establish  a  more  accurate  means 
of  deriving  current  parameters  from  field 
data.  The  pictures  would  establish 
orientation  and  tortuosity  profiles.  The 
luminosity  data  would  establish  the  velocity 
of  propagation  more  accurately. 

4.  Luminosity  measurements.  More  data 
Is  needed  to  establl sh  "vel ocl ties  of 
propagation  near  the  ground  as  a  function  of 
distance  away  from  the  Initiation  point. 
Velocities  are  needed  to  establish  more 
reliable  means  of  obtaining  current 
parameters  from  field  data  and  for  checking 
theoretical  lightning  models. 

6 .  Reprocess  the  existing  data  base. 
The  most  effective  way~lo~eVtaBTTsh ~i  ” wore 
accurate  AEH  threat  Is  to  compile  and 
evaluate  all  existing  lightning  data  to 
date.  This  approach  could  bring  the 
uncertainty  down  to  within  a  factor  of  two 
from  the  present  AEHP  threat.  To  analyze 
the  presently  available  data  more 
appropriately: 

a.  Raw  data  must  be  collected  and 
experimental  setups  and 
limitations  established  from 
unpublished  sources. 

b.  Quantify  errors/uncertainties  tu 
put  the  experimental  data  on  a 
common  basis. 

c.  Derive  the  statistical  threat 
levels  from  the  total  data  base 
accumulated. 

A  complete  lightning  definition  program 
would  pursue  all  the  Items  listed  above  as 
cost  allowad.  The  most  effective  approach, 
however.  Is  Item  (5).  This  approach  also 
has  the  possible  advantage  of  establishing 
future  calibration  needs  for  various  types 
of  experiments.  This  could  lead  to  better 
quality  data  being  obtained  from  future 
efforts  to  quantify  naturally  occurring 
electricity  environments. 


2.  Ground  strike  current  measurements. 
Conti  nuaHon™  o f  s tuttt  as”" iWtaFTo  “Berger , 
Garbagnatl  and  Eriksson  on  towers.  The 


at-u 


REFERENCES 

1.  A.  J.  Eriksson,  "Lightning  and  Tall 
Stk uctures",  Trans.  South  Afrlkan  TEE,  69, 
pt.  8,  238-252,  1978. 

2.  M.  A.  liman,  private  communication. 

3.  M.  A.  Uman,  E.  P.  Krlder,  "A  Review 
of  Natural  Lightning:  Experimental  Data  and 
Modeling",  IEEE  EMC  Transactions;  p.  79-111, 
May  1982. 

4.  R.  H.  Golde,  ed;  "Lightning,  Vol. 
I:  Physics  of  Lightning",  Academic  Press, 
1977. 

5.  K.  Berger,  R.  B.  Anderson,  H. 
Kronlnger,  "Parameters  of  Lightning 
Flashes",  Electra,  89,  23-37,  1976. 

6.  E.  Garbagnatl,  G.  B.  Loplpard, 
"Lightning  Parameters  -  Results  of  10  Years 
of  Systematic  Investigation  In  Italy", 
Proceedings  of  International  Conference  on 
Lightning  and  Static  Electricity;  Oxford, 
England,  March  1982. 

7.  N.  Clanos,  E.  T.  Pierce,  "A  Ground 
Lightning  Environment  for  Engineering 
Usage",  Stanford  Research  Institute 
Technical  Report,  No.  1,  Project  1834, 
August  1972. 

8.  F.  Popolensky,  “Frequency 
Distribution  of  Amplitudes  of  Lightning 
Currents".  Electra,  22,  139-147,  1972. 

9.  M.  A.  Uman,  U.  K.  McLain,  R.  J. 
rlsher,  E.  P.  Krlder,  "Currents  Ini  Florida 
Lightning  Return  Strokes",  JGR,  78, 
3630-3637,  1973. 

10.  C.  D.  Weldman,  and  E.  P.  Krlder, 
“Fine  Structure  of  Lightning  Return  Stroke 
Waveforms".  JGR,  83,  6239-6247,  1978. 

11.  C.  D.  Weldman,  and  E.  P.  Krlder, 
"Submicrosecond  Rlsetlmes  and  Lightning 
Return  Stroke  Fields",  In  Lightning 
Technology  NASA  Conference  Publication  2128, 
FAA-RD-80-30,  NASA  Langley  Research  Center, 
Hampton,  VA,  1980. 

12.  C.  0.  Weldman,  E.  P.  Krlder,  M.  A. 
Uman,  "Lightning  Amplitude  Spectre  In  the 
Interval  100  kHz  to  20  MHz" 

,  GRL,  8,  931-934,  1981. 

13.  Y.  T.  ’  M.  A.  Uman,  J.  A. 
Tiller,  R.  D.  Brantley,  W.  H.  Beasley,  E.  P. 
Krlder,  C.  D.  Weldman,  "Characterization  of 
Lightning  Stroke  Electric  and  Magnetic 
Fields  from  Simultaneous  Two-Station 
Measurements",  JGR,  84,  6307-6314. 


14.  C.  Baum,  private  conversation. 

15.  J.  A.  Tiller,  M.  A.  Uman,  Y.  T. 
Lin,  R.  D.  Brantley,  E.  P.  Krlder,  "Electric 
Field  Statistics  for  Close  Lightning  Return 
Strokes  Near  Gainesville,  Florida",  JGR,  81, 
1976. 

16.  D.  W.  Clifford,  E.  P.  Krlder,  M.  A. 
Uman,  "A  Case  for  Submicrosecond  Rise-Time 
Lightning  Current  Pulses  for  Use  In  Aircraft 
Induced-Coupling  Studies",  IEEE  Symposium  on 
Electromagnetic  Compatlbllty,  San  Diego,  CA, 
October  1979. 

17.  F.  L.  Pitts,  "Electromagnetic 
Measurement  of  Lightning  Strikes  to 
Aircraft",  AIAA  19th  Aerospace  Sciences 
Meeting,  St.  Louis,  Jan.  1981. 

18.  F.  L.  Pitts,  M.  E.  Thomas,  1981 
Direct  Strike  Lightning  Data,  NASA  Technical 
Memorandum  83273,  NASA  Langley  Research 
Center,  Hampton,  VA,  March  1982. 

19.  J.  E.  Nanevlcz,  E.  F.  Vance, 
"Studies  of  Supersonic  Vehicle  Electrifi¬ 
cation",  Lightning  and  Static  Electricity 
Conference,  1970. 

20.  J.  E.  Nanevlcz,  "Static  Electricity 
Phenomena:  Theory  and  Problems",  Conference 
on  Certification  of  Aircraft  for  Lightning 
and  Atmospheric  Electricity  Hazards,  ONERA  - 
Chatillon,  France,  September  1978. 

21.  A.  Vassllladls,  "A  Study  of  Corona 
Discharge  Noise  fn  Aircraft  Antennas", 
AFCRL-7N-6Q-1107,  Technical  Report  70,  SRI, 
1960. 

22.  R.  L.  Tanner,  J.  E.  Nanevlcz,  "An 
Analysis  of  Corona-Generated  Interference  In 
Aircraft",  Proc.  IEEE,  62,  1964. 

23.  L.  Oh,  G.  C.  Huang,  R.  Goldman, 
"Natural  and  Induced  Electrical  Effects  on 
Integrated  Antennas  and  Circuits  at 
Frequencies  to  10  GHz",  AFWAL-TR-69-210, 
September  1969. 


36*12 


Table  1.  Present  Industry  Lightning  Threats 


Figure  1.  Lightning  Flash  Striking  an  Aircraft 


Figure  2.  Noise  Generation  Sources 


Variables 


Range 


Duration  of  transient 
Inter-stroke  time  interval 
Time  duration  of  lightning  event 
Number  of  strokes 


50  -  500  ms 
10  - 100  ms 
0.01  -  2  sec 
1-24 


Figure  3.  Multi-Stroke  Threat 
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Figure  5.  Definition  of  Single  Stroke  Threat 


ELECTRIC  FIELD  SPECTRUM  (d8> 
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Figure  6.  Comparison  of  Electric  Field  Data 
with  Initial  Threat  Definitions 
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DISTRIBUTION  OF  MAXIMUM  RATE  OF  CURRENT  RISE- 
FROM  BERGER.  at  al  (1876) 


(1)  NEGATIVE  FIRST  STROKES 

(2)  NEGATIVE  FOLLOWING  STROKES 

(3)  POSITIVE  STROKES 


0.01  0.1  1  10  60  90  80  90.90 


%  >  ORDINATE 

DISTRIBUTION  OF  AVERAGE  RATES  OF  RISE 
FROM  CIANOS  &  PIERCE  (1072) 

Figure  7.  Comparison  of  Initial  Thmst  Currant  Hiaa  Rata 
with  Available  Statistical  Data 
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CURRENT  (kAj 

Figure  9.  Cumnt  Amplitude  Distributions 


A  UPWARD  STROKES 


Figure  11.  Current  Amplitude  Distributions 
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3.  Poaitiva  atrokw 
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Figure  12.  Entrgy  Input  Distribution t 
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Figure  13.  Energy  input  Distributions 


RISE  TIME  (ms) 


1.  Negative  first  strokes 


2.  Negative  subsequent  strokes  Berger,  et  d.,  1976 

3.  Positive  strokes 


Figure  14.  Rite  Time  Distributions 


TAIL  DURATION 


Figure  15.  Rise  Time  Distributions 
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TIME  (^s) 

(a)  CHARACTERISTIC  OF  FIRST  RETURN  STRODE  FRONT 
RAMP  (Rf)  AND  SUBSEQUENT  STROKE  FRONT  RAMF  (R,) 
AS  MEASURED  BY  WEIDMAN  AND  KRIDER  (1978) 
E-FIELD  AMPLITUDES  ARE  NOT  TO  SCALE.  WAVE¬ 
FORMS  ARE  BASED  ON  MEAN  VALUES  OF  HISTOGRAMS. 


TIME  Ua) 

(b)  HISTOGRAMS  OF  THE  10  TO  90%  RISETIMES  OF  THE 
FAST  FIELD  TRANSITION  IN  FIRST  AND  SUBSEQUENT 
STROKE  FIELDS  IN  FLORIDA  AT  A  DISTANCE  OF 
15  TO  30  km  OVER  SEA  WATER. 


Figure  16.  New  Data  Suggestive  of  Very 
Fast  Rise  Times  «  1  gsi 
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PERCENTAGE 
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TIME  TO  HALF  VALUE  (ps) 


1.  Negative  first  strokes 

2.  Negative  subsequent  strokes  Berger,  et  el.,  1976 

3.  Positive  strokes 


Figure  17.  Fall  Time  to  Half  Peak 
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PRECIPITATION 

PARTICLES 


(c)  EXOGENOUS 


Figure  20.  Charging  Processes 
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Figure  21.  Predicted  Charging  Current  for 
Advenced  Aircraft 
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Figure  23.  Straarmr  Noise  Sp&ctra  - 
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ABSTRACT  I 

\  I 

A  survey  is  given  of  the  lightning  atrikaa  to  aircraft  of  the  Federal  Armed  j 

Forcaa  over  the  paat  10  years,  from  1973  until  1982,  inclusive.  About  BOX  of  the  i 

lightning  atrikaa  involved  the  fallowing  4  types  of  q^rcraft:  F-lOlQs  "Star- 

fighter'*,  F-4  "FhantoV,  C-1G0  "TranealT',  BR-1150  "Brogue t  Atlantic.^  For  ! 

these  4  types  the  annual  rates  of  lightning  strikes  aa  well  as  the  respective  j 

average  rates  ovur  these  10  years  era  shown.  The  main  locations  at  Which  lightning  j 

attached  to  the  aircraft  and  damage  sustained  era  described.  Two  lightning  atrikaa 
are  discussed  in  greeter  detail.  In  thu  ona  case  s  UH-l^U  was  struck  during 
flight,  and  in  the  other  case  it  was  a  Phantom  where  the  metei  well  of  one  wing 
pylen  tank  was  melted  through.  Finally,  the  paper  touches  briefly  on  probleme  that 
are  expected  to  result  from  the  greeter  use  of  CFC  for  the  airframe,  the  increas¬ 
ing  employment  of  computers,  and  the  electrical  transmission  of  asseutial  control  j 

signals.  ! 
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LIGHTNING  STRIKES  to  aircraft  basically  can¬ 
not  be  prevented,  banco  tha  irdividual  air¬ 
craft  auat  ba  adequately  protactod  aguinat 
tha  affoots  of  lightning. 

In  a  thundarstorn  environment  tha  noat 
pravalant  alaotrioal  diaoharga  ia  by  intra- 
oloud  flaahaa,  and  only  about  27  %  of  light¬ 
ning  diaohargaa  to  tha  ground  (1)*, 

Bailable  naaauraaanta  of  tha  alaotrio  charac¬ 
teristics  ara  available  only  for  thaaa  claud- 
to-ground  flaahaa. 

An  aircraft,  however,  may  bo  struck  by 
both  forms  of  lightning.  Therefore,  only  ana¬ 
lysis  of  a  fairly  large  number  of  natural 
lightning  strikes  to  aircraft  allows  a  com¬ 
plete  assessment  of  tha  effectiveness  of 
lightning  protection  measures.  If  suoh  ana¬ 
lyses  cover  a  longer  period  of  time,  signifi¬ 
cant  findings  will  be  gained  in  addition  as 
to  the  rate  and  severity  of  natural  lightning 
strikes  as  well  as  important  inforaation  on 
possible  shortcomings  within  lightning  pro¬ 
tection,  e.g.  from  vibration  or  oorrosion  ef¬ 
fects  which  become  evident  only  after  a  fair¬ 
ly  long  in-service  time  of  the  respective 
aircraft. 

The  following  data  and  experience  gained 
in  more  than  Id  years  of  flight  operations 
are  intended  to  serve  as  a  basis  to  this  ef¬ 
fect. 

LIGHTNING  STRIKE  HATE 

All  reported  lightning  inoidents  have  been 
systematically  investigated  and  evaluated  ac¬ 
cording  to  uniform  criteria  since  1977*  The 
first  lightning  inoidents  investigated  at 
BWB-HL  date  baok  to  19&2  and  concern  the 
r-id<i. 

From  1977  until  1982  a  total  of  more 
than  266  lightning  strikes  have  been  repor¬ 
ted  about  80  %  of  which  involved  the  follow¬ 
ing  aircraft  types s 

F-ld4  G/TF-1d4  G  "8  tar  fighter” 

HF-4E/F-4F  "Phantom" 

-Fighter/keooimaissanoe  Air- 
oraft  (Mach  2+)- 

C-16G  "Transall" 

-Tranaport/Oargo  Aircraft- 

BH-115d  "Breguet  Atlantio" 

-Long-Bange  Sea  Reconnaissance 
Alroraft- 

These  4  airoraft  types  are  auboequently  re¬ 
ferred  to  in  short  as  F-1d4,  F-4,  C-l6d,  and 
BB-115d. 

For  these  4  types  the  lightning  strike 
rates  per  year  related  to  the  respective  fly¬ 
ing  hours  and  landings  in  that  year  are  shown 
in  the  following  Figures  1  and  2. 

♦Numbers  in  parentheses  designate  References 
at  end  of  paper. 


For  all  4  airoraft  types  together  it  becomes 
apparent  that  the  rate  of  lightning  strikes 
related  to  landings  is  ^higher  than  that  rela¬ 
ted  to  fljrldg  houre.  Thle  naans  that  on  an 
average  more  than  one  flight  hour  lies  be¬ 
tween  two  landings. 

The  great  variation  of  the  atrike  rate 
from  one  year  to  the  next  has  no  discernible 
relation  to  the  number  of  flying  hours. 

Batwaen  two  successive  years  aside  from 
a  few  exceptions  the  number  of  flying  hours 
or  landings  variss  by  £  Id  %  from  the  respec¬ 
tive  previous  value.  The  number  of  lightning 
atrikea,  in  contrast,  varias  7  to  6  tines 
from  one  year  to  the  next. 

Thus,  for  example,  the  number  of  flying 
houra  for  the  F-ld4  (Figure  l)  went  up  by 
approximately  Id  %  from  1976  to  1977  and  then 
went  down  by  about  6  £  from  1977  to  1978-  At 
the  same  time,  howevsr,  the  number  of  light¬ 
ning  strikes  rose  by  45d  %t  and  then  dropped 
by  48  %.  On  the  other  hand,  the  number  of 
flying  hours  for  the  F-4  airoraft  inoreaaed 
in  each  of  these  years  whereas  the  number  of 
lightning  atrikea  first  dropped  by  2d  %  and 
then  rose  by  77  For  both  types  of  airoraft 
198(3  was  one  of  the  yea ra  with  the  lowest 
number  of  lightning  strikes,  whsrsaa  in  1981 
tha  second  highest  nuaber  of  lightning 
atrikea  wna  experienced  ainoe  1977* 

With  respect  to  the  0-l6d  -see  Figure  2-, 
in  contrast,  the  situation  is  balanced.  Since 
1977,  the  number  of  lightning  strikes  has 
varied  by  only  ±  26  %  max.  from  tha  respec¬ 
tive  previous  value. 

For  the  BH-llTd  (Figure  2),  the  number 
of  flying  hours  as  wall  as  ths  lightning 
atrikea  per  year  are  much  lower  aa  for 
the  other  types  shown  in  Figures  1  and  2,  so 
that  already  one  lightning  atriko  has  a 
significant  influence  on  the  atrike  rate. 

At  this  point  in  time  no  definite  state¬ 
ment  can  be  made  yet  as  to  why  there  are  euoh 
differences  in  tha  rate  of  lightning  atrikea 
between  individual  years  in  sons  oases.  Figu¬ 
res  1  and  2,  howavar,  clearly  show  that  ths 
evaluation  of  lightning  atrikas  In  one  single 
year  may  easily  be  misconstrued  and  lead  to 
erroneous  conclusions.  Even  analysis  of  2  to 
7  years  of  experience  may  lend  to  a  distor¬ 
ted  picture. 

Figure  7  shows  the  rates  averaged  over 
a  period  of  Id  years  for  the  4  types  of  air¬ 
oraft.  The  differences  which  becoma  evident 
here  are  attributable  to  the  different  mis¬ 
sion  conditions  in  each  casei  the  influence 
of  individual  years  becomes  leas  important. 
The  F-1d4  and  F-4  airoraft  are  subject  to 
comparable  conditions!  in  particular,  howevsr 
training  aotivitiea  allow  the  meteorological 
conditions  to  be  taken  into  aooount  to  a 
large  extent.  The  respective  tasks  of  the 
G-lod  and  B&-117d,  on  the  other  hand,  do  al¬ 
low  no  or  only  little  consideration  of  the 


meteorological  condition*  with  reepect  to 
possible  lightning  events.  It  becomes  evident 
that  the  selection  of  the  reference  sagnitude 
f 6r  auoh  strike  rat a a  la  quit*  important, a* 
tha  rata a  ralatad  to  landing*  nr*  ooaparabl* 
for  both  0-160  and  BB-1150  ,  but  not  thosa  > 
ralatad  to  flying  hour*. 

Tha  lightning  atrika  rataa  piottad  in 
paroant  againat  tha  flight  level  in  Figure  4 
ara  oloaa  togathar  for  *11  4  typaa  of  air¬ 
craft.  Tha  diffaranoaa  batwaan  tha  individu¬ 
al  aircraft  typaa  oannot  ba  dafinitaly  aaaig- 
nad  to  apaoifio  oauaaa,  tha  atatlatioal  baaia 
atill  being  too  narrow.  But  avaa  tha  oxtraaa- 
ly  faw  lightning  atrikaa  to  the/  BE- 11 50  (laaa 
than  10)  fit  in  wall.  From  Figure  4  it  oan  ba 
generalized,  howavar,  that  -irrespective  of 
the  type  of  aircraft,  type  of  propulaion, 
uiaaion,  and  geographical  location  of  tha 
training  area-  the  flight  level  ia  an  essen- 
tial  faotor  with  raapeot  to  tha  probability 
of  lightning  atrikaa.  Thia  fact  raoaivaa  in¬ 
creased  emphasis  whan  a  comparison  ia  aad*  of 
tha  flying  houra  accumulated  by  tha  4  typaa 
of  airoraft  over  a  period  of  10  years  (roun¬ 
ding  £  10  %  max. ) t 
BU-1150  :  0-160  :  F-4  :  F-104  • 

1  1  4  s  7  «  10| 

those  relations  do  not  beooae  evident  at  all 
from  Figures  3  and  4. 

ATTACHMENT  POINTS  AND  DAMAGE 

ATTACHMENT  POINTS  .  The  evaluation  of 
the  more  than  260  lightning  atrikaa  has 
clearly  confirmed  the  findings  gained  to  da¬ 
ta  on  the  distribution  of  the  lightning  flash 
attachment  points  on  the  aurfaoe  of  aircraft 
aa  well  as  tha  resulting  aubdivision  into  the 
known  airoraft  nones. 

For  the  F-104,  F-4,  and  G-16O  aircraft  the 
number  of  lightning  strikes  reported  within 
the  last  5  years  (1978  -  1982)  alona  is  suf¬ 
ficiently  larga  to  make  a  statistically  sig¬ 
nificant  statement. 

The  evaluation  of  both  F-104  and  F-4  to¬ 
gether  shows  the  following  results: 

-  Mora  than  60  lightning  strikes. 

-  Attachment  points  were  detected  in 
about  80  %  of  the  oases  on  pitot  and 
radome , 

about  35  %  of  tha  oases  on  wing  tips, 
including  tip  tanka, 
about  32  %  of  the  oaaes  on  the  hori¬ 
zontal/^ vertical  tail. 

In  some  cases  no  definite  attachment 
points  were  deteotabla,  or  none  of 
the  three  zones  was  affected. 

-  In  11  cases  the  aircrew  felt  electrical 
01  mechanical  shocks. 

-  In  4  cases  the  aircrew  did  not  become  a- 
ware  of  the  lightning  atrika  during 
flight. 

Tha  results  for  tha  C-160  aircraft  were 
as  follows: 

-  More  than  45  lightning  strikes. 


-  Attachment  points  were  detected  in 

about  43  %  of  the  caaes  on  the  radons, 

about  30  %  of  the  casea  on  the  wings, 

about  28  %  of  the  oaaes  on  tha  hori- 

zontal/vertical  tall. 

-  In  some  oases  no  definite  attachment  points 
were  detectable,  or  none  of  the  three  sonea 
were  affected. 

-  In  one  case  the  aircrew  felt  an  electrical 
shock. 

-  In  one  case  the  lightning  strike  was  not 
noticed  by  the  airorew  during  flight. 

In  these  5  years  some  a/c  ware  hit  seve¬ 
ral  times: 


F-1<34 

1  a/c 

3  timaa 

2  a/o 

2  times  each 

F-4 

3  «/c 

2  times  each 

C-16C 

1  a/c 

8  times 

3  a/o 

3  times  each 

6  a/c 

2  times  each 

BH-115C 

2  a/c 

2  times  each 

Summarized  in  a  somewhat  different  way: 
Considering  the  F-1C4  and  F-4  airoraft  to¬ 
gether,  6  a/c  were  hit  by  13  lightning  stri¬ 
kes, or  about  1  %  of  the  fleet  by  approximate¬ 
ly  23  %  of  the  strikes.  Aa  to  tha  C-16C  air¬ 
craft,  1<J  a/o  received  29  lightning  strikes, 
or  about  11  %  of  the  fleet  approximately  64  % 
of  the  strikes. 

DAMAGE  -  About  9#  %  of  the  lightning 
strikes  analyzed  oan  ba  classified  aa  normal 
oases, and  they  can  be  described  as  follows: 

-  Tha  airorew  become  aware  of  the  lightning 
strike,  e.g. ,  aa  lightflash,  bang,  or  sha¬ 
king  of  the  aircraft,  but  Immediately  fol¬ 
lowing  the  stx'ike  no  hazardous  irregulari¬ 
ties  or  damage  regarding  airoraft  systems 
are  noticed  during  flight,  and  the  aircraft 
is  subsequently  landed  without  problems. 

-  The  subsequent  special  inspection  of  the 
aircraft  shows  melting  marks  at  the  attach¬ 
ment  points  typioal  for  metal  surfaces,  and 
occasionally,  destroyed  navigation  lights, 
statio  diaohargers  or  antennas. 

-  Frequently  the  navigation  compass  shows  a 
deviation,  but  all  systems  including  the 
aircraft  electrical  system  function  proper¬ 
ly.  This  description  also  applies  to  light--, 
ning  strikes  not  noticed  by  the  aircrew 
during  flight  and  detected  only  during 
poatflight  inspection. 

In  tha  remaining  iG  %  of  the  cases  con¬ 
siderably  more  savere  damage  caused  dirSotly 
by  lightning  is  found.  Damage  sustained  in¬ 
cludes:  punctures  or  cracks  in  metal  surfa¬ 
ces,  disrupted  skins,  electrical  breakthrough 
in  the  radome  wall,  explosive  vaporization  of 
divarter  strips  on  tha  radome  and  physical 
damage  to  the  ratio 90  wall,  burnt-through  or 
mechanically  broken  grounding  conductor  tube 
between  pitot  aad  fuselage,  as,  well  as  failed 
and  partly  damaged  electronic  equipment.  But 
even  in  such  oases  the  damaged  aircraft  was 
able  to  land. 


Such  severe  damage  occurs  more  often 
than  would  be  expected  in  view  of  the  re¬ 
spective  lightning  protection  designs.  This 
leads  to  the  question  whether  the  incidence 
of  extremely  severe  lightning  strikes  really 
is  not  considerably  greater  than  hitherto 
suspected,  requiring  a  new  discussion  and  de¬ 
termination  of  the  present  1#  probability 
(limit  values  (1)  at: 


Peak  value  i _ ^2C6  kA, 

max 

Current  steepness 

Electric  charge  Q  ■ J idt  >  WO  As, 
Specific  energy  W  - J i2dt>l07  A2s). 


EVALUATION  OF  LIGHTNING  PROTECTION 


In  the  following  paragraphs, an  evaluation  is 
made  of  the  lightning  protection  of  the  F-1(34 
F-4,  and  C-160  on  the  basis  of  experience 
gained  to  this  date. 


F-1<54  AIRCRAFT  -  Since  the  introduction 
of  lightning  protection  on  the  radons  (bon¬ 
ding  of  the  pitot  to  the  fuselage  by  a  copper 
grounding  conductor  tube,  with  an  electrical¬ 
ly  effective  cross-section  of  about  36  out2 
and  the  pitot  heater  wire  threaded  in  the  tu¬ 
be)  and  installation  of  surge  protection  in 
the  pitot  heater  wire,  no  more  problems  have 
been  experienced  with  lightning. 

F-4  AIBCHAFT  -  Here  the  situation  is  si¬ 
milar  to  that  of  the  F-1CJ4.  The  EF-4E  light¬ 
ning  protection  system,  however,  has  a 
threaded  Joint  with  adverse  electrophysical 
characteristics  at  the  rear  end  of  the  alumi¬ 
num  grounding  conductor  tube  between  pitot 
and  fuselage  resulting  in  abrupt  changes  of 
the  surge  impedance.  This  in  turn  causes  ar¬ 
cing  in  the  threaded  joint  along  with  the 
danger  of  flashover  in  the  radons.  Therefore 
these  items  must  be  replaced  after  a  light¬ 
ning  strike.  Hence  the  system  is  not  mainte¬ 
nance-free.  In  the  F-4F  such  problems  have 
been  avoided  in  that  the  tube  end  transits 
into  a  flat  plate  which  is  electrically  well 
bonded  to  the  fuselage.  This  system  is  main¬ 
tenance-free.  Experience  has  shown,  however, 
that  both  aircraft  can  be  considered  light¬ 
ning  hardened,  the  BF-4E  though  only  with  re¬ 
spect  to  one  lightning  strike  at  a  time. 

C-l6d  AIRCRAFT  -  As  no  pitot  if  mounted 
on  the  C-l6<3  radome,  4  diverter  strips  of  ap¬ 
proximately  the  same  length  are  symmetrical¬ 
ly  arranged  on  the  exterior  of  the  radome 
(top  L/h  and  H/H,  bottom  L/E  and  B/U)  exten¬ 
ding  about  2/3  forward.  They  have  a  width  of 
2d  am  and  a  maximum  thickness  of  <5.^4  mm,  i. 
e.,  a  cross-section  of  about  2.8  mm*-.  Experi¬ 
ence  gained  so  far  has  shown  that  these  metal 
foil  strips  are  unsuitable  from  the  flight- 
operational  and  mission  points  of  view. 

In  the  investigations  and  teats  from  ap¬ 
proximately  1965  on,  the  lightning  current 
values  assumed  were  too  low,  and  as  a  conse¬ 


quence  the  assessment  indicated  that  this 
cross-section  of  2.8  am2  diverts  93%  of  all  , 
strikes  without  damage  to  the  diverter  strip 
itself.  A  hazard  to  the  radome  from  lightning 
effects  hence  was  to  be  expected  on  an  avera¬ 
ge  only  once  in  Id  years  related  to  KW  air¬ 
craft. 

Actual  experience  since  1971,  however, 
looks  different.  Several  tinea  a  year  radome- 
ao unted  diverter  strips  sustain  severe  damage 
at  the  attachment  points  of  a  lightning  flash 
so  that  repair  becomes  necessary;  once  or 
twice  a  year  the  diverter  strip  is  vaporized 
explosively  as  the  lightning  current  flows 
through;  the  effect  is  similar  to  that  of  a 
linear  explosive  charge  with  the  radome  be¬ 
coming  mechanically  disrupted  along  the  strip 
over  length  up  to  cm.  The  oause  of  these 
secondary  effects  is  the  method  used  to  fas¬ 
ten  the  diverter  strips  on  the  exterior  of 
the  radome:  They  are  glued  on,  in  addition 
covered  with  a  thin  fiberglass  fabric  and 
coated  with  an  elastic  protective  layer  of 
low  electrical  conductivity.  Repairs,  there¬ 
fore,  may  only  be  made  at  the  manufacturer's 
plant  as  this  cover,  if  it  should  turn  out 
too  thick,  has  the  same  effect  as  the  confi¬ 
nement  of  an  explosive  charge. 

It  is  true  that  auoh  diverter  strips  are 
adequate  for  lightning  flashes  of  small  to 
medium  charges  or  low  to  medium  currents,  but 
the  protective  effect  nay  be  reversed  in  the 
case  of  severe  lightning  strikes.  Flight  ope¬ 
rations  and  missions  are  greatly  impeded  by 
the  indeed  frequently  necessary  repairs.  On 
the  other  hand  this  type  of  aircraft  is  quite 
invulnerable  to  the  effects  of  lightning  as 
experience  shows,  and  in  all  caaea  so  far  the 
aircraft,  even  after  severe  lightning  strikes 
with  serious  damage  to  the  radome,  was  per¬ 
fectly  controlled  and  landed. 

Thus,  although  the  lightning  protection 
provisions  on  the  radome  show  considerable 
design  shortcomings  the  risk  for  this  type  of 
aircraft  in  lightning  events  is  considered 
tolerable. 

TWO  PARTICULAR  INCIDENTS 

Of  the  lightning  incidents  that  occurred  in 
the  past  5  years,  two  extraordinary  cases  are 
reported  below. 

LIGHTNING  STRIKE  UH-1  D  -  This  concerns 
the  first  definitely  verified  in-flight  light- 
niug  strike  to  a  Federal  Armed  Forces  heli¬ 
copter.  The  aircrew  noticed  an  exploaion-like 
bang  and  simultaneously  a  glaring  flash.  Af¬ 
ter  the  emergency  landing  which  was  immedia¬ 
tely  initiated  and  successfully  completed, 
and  in  the  course  of  subsequent  investigati¬ 
ons,  the  following  damage  was  detected: 

-  Main  rotor  blade  red:  Skin  delaainationa 
(about  13  on2)  on  blade  tip,  skin  delamina¬ 
tions  on  trim  tab  and  close  beside  it; 

-  Tail  rotor  blades:  Melting  and  burn  marks 


37-4 


on  blade  tip. 

The  following  assemblies  were  out  of  tole¬ 
rance  or  exhibited  damage: 

-  primary  and  secondary  converter 
'-  RPH  warn  box 

-  gyro  amplifier 

-  C  6  H  indicator 

-  antenna  of  SAR  intercom  system. 

Initially  the  strike  was  classified  as 
not  severe  as  the  visible  damage  to  the  main 
rotor  blade  was  minor,  and  the  visual  inspec¬ 
tion  of  the  transmission  system  and  the 
flight  control  system  disclosed  no  further 
lightning  marks.  The  main  rotor  head  was  re¬ 
placed  because  of  the  vibrations  that  occur¬ 
red  after  the  strike,  and  shortly  thereafter 
the  three  hydraulic  actuators  for  cyclic  and 
collective  pitch  were  replaced  as  well  becau¬ 
se  of  leakage. 

The  subsequent  investigation  of  the  main 
rotor,  cyclic  and  collective  pitch  hydraulic 
actuators  and  swash  plate  (the  latter  was  re¬ 
placed  after  some  further  flying  hours  becau¬ 
se  of  too  high  frictional  resistance)  along 
with  the  investigation  results  of  the  main 
rotor  blade  which  had  been  disassembled  in 
the  meantime/  showed  a  different  result:  The 
charge  transferred  by  the  lightning  dischar¬ 
ge  was  about  Id  times  higher  than  was  obvious 
from  the  slight  damage  to  the  main  rotor  bla¬ 
de  that  was  visible  or  otherwise  deteotable 
from  the  exterior;  so  the  helicopter  was  hit 
by  a  lightning  strike  of  medium  severity 
which  caused  direct  and  secondary  damage  to 
essential  major  assemblies  of  the  aircraft. 

In  the  main  rotor  blade  the  conductive  alumi¬ 
num  honeycomb  structure  was  burnt  through  at 
several  places  and  also  showed  a  lot'  of  small 
arc  erosion  points  due  to  the  high  current 
density,  though  an  aluminum  erosion  edge  ex¬ 
tends  over  the  entire  blade  length  which 
would  normally  provide  sufficient  protection 
against  a  high  lightning  current. 

Small  arc  erosion  points  were  detected  on  the 
raceway  surfaces  of  the  swash  plate  ball  bea¬ 
ring.  During  the  next  few  operating  hours  of 
the  bearing  the  resulting  loads  caused  indi¬ 
vidual  balls  to  be  heated  to  high  temperatu¬ 
res  up  to  the  tempering  color  range,  with 
the  oonsequence  of  excessive  frictional  re¬ 
sistance  of  boaring.  Current  marks  also  ex¬ 
isted  in  several  further  contacting  surfaces 
in  the  rotor  head,  where  bolted  joints,  bush¬ 
ings,  and  bearings  were  involved. 

The  experience  gained  from  this  kind  of 
lightning  incident  which  was  the  first  of  its 
kind  to  occur  in  the  Federal  Armed  Forces,  is 
as  follows: 

In  sandwich-type  components,  while  visible 
damage  appears  to  be'  minor,  there  may  exist 
severe  hidden  damage  -  without  detailed  in¬ 
vestigation  no  assessment  can  be  made  of  the 
severity  and  extent  of  the  damage.  The  same 
applies  to  complex  mechanical  assemblies  such 
as  the  rotor  head. 


LIGHTNING  STRIKE  F-4F  -  This  lightning 
strike  is  an  example  of  the  fact  that  even  se¬ 
vere  in-flight  strikes  need  not  necessarily 
be  noticed  as  such  by  the  aircrew. 

As  regards  the  attachment  points,  this 
strike  represents  a  "normal"  ease,  i.e.,they 
were  found  on  pitot,  fuselage  top  and  bottom, 
vertioal  tail  light,  engine  R/H  nosmle  flaps 
and  R/H  wing  pylon  tank.  However,  the  hole  of 
about  3  x  l5  mm  in  the  wing  pylon  tank  and 
the  epots  immediately  beside  it  where  an  ex¬ 
treme  ‘amount  of  metal  had  melted  away  were 
unusual.  The  total  charge  transferred  here 
was  extremely  large  (  >  2 66  coulombs)  and 
was  spread  over  several  attachment  points. 

Dp  to  now  the  wall  of  euoh  an  auxiliary 
tank  was  deemed  sufficiently  safe  against 
lightning,  but  this  assumption  must  be  cor¬ 
rected  at  least  for  lightning  flashes  with 
extremely  large  charges  below  the  1  %  proba¬ 
bility  of  occurrence.  This  inoident,  however, 
is  the  only  case  so  far  known  at  BVB-ML  where 
such  a  tank  wall  had  melted  through. 

FUTURE!  PROBLEMS 

Two  sectors  can  be  foreseen  at  present  where 
in  the  immediate  future  considerable  problems 
will  arise  in  connection  with  lightning  pro¬ 
tection  measures: 

-  Use  of  fiber  reinforced  plaatio,  e.g. ,  in¬ 
creased  use  of  large-surface  structures  ma¬ 
de  of  CFC  and  GFKP 

-  Electronics  growing  more  and  more  coisplex 
and  with  components  with  increasingly  lar- 
ger-scale  integrated  oircuits  as  well  as 
increasing  takeover  of  control  and  monito¬ 
ring  functions  by  on-board  computers. 

The  lightweight  metal  construction  so 
far  used  for  aircraft  constitutes  a  structu¬ 
re  of  continuous  electrical  conductivity 
which  will  not  be  damaged  even  by  extremely 
high  lightning  currents  -  except  for  the 
spots  of  mslted-away  metal  in  the  lightning 
attachment  points. 

On  such  a  structure  the  lightning  current  oan 
disseminate  quite  uniformly  so  that  the  in¬ 
terior  of  the  fuselage,  wing  and  tail  remains 
largely  free  of  the  magnetic  field  of  the 
lightning  current.  In  addition,  the  metal 
structure  greatly  damps  the  effects  of  elec¬ 
tromagnetic  fields  into  the  aircraft. 

When  increasing  use  le  made  of  large- 
surface  fiber-reinforced  structures  adequate 
conductive  paths  for  the  conduction  of  the 
lightning  current  must  be  provided  for  in 
the  design,  particularly  if  the  fiber  layers 
in  the  plnstio  are  conductive.  In  such  oases 
it  must  even  be  ensured  that  no  current  flows 
through  the  fibers  as  otherwise  current-de¬ 
pendent  local  overheating  of  the  fibers  oc- 
curu  which  may  result  in  dolaalnations  and 
consequently  in  a  reduction  of  the  component 
strength  without  any  damage  being  identifi¬ 
able  from  the  outside.  Furthermore,  the 
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shielding  effects  against  electromagnetic 
fields  are  lower,  i.e.,  voltages  are  more 
easily  induced  in  electrical  lines  (in  the 
aircraft  electrical  system  as  well  as  in  da¬ 
ta  and  control  circuits). 

This  leads  directly  to  the  second  com- 
plex  of  problems  mentioned,  i.e.,  the  in¬ 
creasing  use  of  iolid-state  components  and 
large-scale  in  t  j grated  circuits,  and  employ¬ 
ment  of  on-board  coaputers.  Already  in  the 
case  of  aetal  constructions  presently  in  use 
additional  measures,  such  as  against  induced 
voltages,  are  required.  Such  induced  volt 
gos  may  cause  not  only  (temporary  and  pox. 
nent)  damage  to  components,  but  they  may  al¬ 
so  simulate  control  or  signal  impulses  in 
the  respective  circuits  thus  triggering  faul¬ 
ty  reactions  iu  the  on-board  computer  or  in 
syctems  -  for  example  when  oparating  the 
control  surfaces  electrically  (fly-by-wire). 

Knowledge  acquired  so  far  in  solving 
lightning  protection  problems  can  be  applied 
only  to  a  very  limited  extent  to  theae  two 
complexes  of  problems  touched,  so  that,  besi¬ 
des  the  necessary  laboratory  tests,  continual 
experience  and  findings  regarding  the  effects 
of  in-flight  natural  lightning  strikes  to 
aircraft  must  be  collected  and  evaluated  on  a 
larger  basis  in  the  future. 
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ABSTRACT 


A  literature  search  reveals  a  very  limited  number  of  reports  on  structural 
tests  of  composite  materials  after  a  simulated  lightning  strike.  The  depth  of 
damage  for  strikes  of  given  “action  integral”  values  has  been  reported,  but  these 
data  do  not  define  the  structural  strength  degradation  caused  by  a  lightning 
strike.  Therefore,  an  investigation  of  the  strength  degradation  caused  by  strike 
currents  was  conducted. 

This  paper  presents  experimental  data  on  the  strength  degradation  of  graphite/ 
epoxy  (Gr/Ep)  caused  by  currents  representative  of  lightning  strikes.  Tests  were 
made  on  eight-ply  laminates,  fabricated  from  tape,  in  two  ply  orientations:  uni¬ 
directional,  (0),  and  quasi-isotroplc,  (+45,-45,0,90)8.  Specimens  machined  from 
the  laminates  were  exposed  to  test  current  and  then  tested  to  failure  in  tension. 

The  data  were  used  to  determine  the  current  density  required  to  cause  strength 
degradation. 

The  effects  of  moisture  content  and  mechanical  load  on  the  atreagth  degradation 
caused  by  test  current  were  investigated  with  quasi-isotropic  specimens.  Specimens 
of  three  moisture  contents  were  tested:  dry,  intermediate  and  saturated.  The  quasi- 
isotropic  laminate  was  chosen  for  the  moisture  tests  because  the  effects  of  matrix 
degradation  are  readily  detectable.  For  the  mechanical  loud  tests,  the  specimens 
were  loaded  in  tension  to  a  specified  strain,  exposed  to  current,  and  afterward 
tested  to  failure  in  tension. 

Data  obtained  in  the  :  resent  investigation  are  compared  on  the  basis  of 
“action  integrals"  to  previously  reported  data  on  the  effects  of  simulated  light¬ 
ning  strikes.  The  onset  of  significant  strength  degradation  is  compared  to 
visual  determination  of  ply  penetrations.  Also,  data  from  the  present  investiga¬ 
tion  are  used  to  define  the  area  of  structural  damage  to  a  laminate  of  unit 
thickness.  This  information  should  be  useful  in  Judging  if  a  composite  structure 
requires  repair  and  the  area  needing  repair. 


This  paper  was  uot  available  for  incorporation  into  this  book.  Therefore,  if  will 
be  published  at  a  future  date. 
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RECENT  LIGHTNING  INDUCED  VOLTAGE  TEST  TECHNIQUE  INVESTIGATIONS 
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ABSTRACT  . 

Lightning  induced  voltage  testing  has  evolved  over  the  past  ! 

several  years.  Recent  efforts  into  investigating  the  cause/effect 
relationships  associated  with  technique  procedures  has  generated  a 

better  understanding  of  test  circuit  behavior.  . 

\  : 

The  aircraft  under  test  must  have  a  spaced  set  of  return  conductors  [ 

around  the  aircraft  to  maintain  a  realistic  electromagnetic  field  con¬ 
dition.  The  aircraft,  the  return  conductors,  and  the  facility  where  ! 

the  tests  are  conducted  form  sets  of  short  transmission  lines.  The 
travelling  waves  propagate  in  a  transverse  electromagnetic  (TEM)  mode 
at  the  speed  of  light.  However,  due  to  reflections  and  refractions 
at  the  junctions  of  different  impedance  sections  of  the  aircraft 
(l.e. ,  wing  and  tail  attachments)  the  bulk  of  the  wave  energy  travels 
distances  considerably  farther  than  the  nose-to-tail  dimension.  Con¬ 
sequently,  the  wave  appears  to  take  longer  to  reach  the  tall,  which 

had  been  Interpreted  as  a  slower  propagation  velocity.  I 

Travelling  electromagnetic  waves  reflecting  and  refracting  on 
the  aircraft  transmission  lines  control  the  response  of  the  system 
during  the  initial  few  microseconds  of  the  test.  For  slowly  rising 

test  current  waves,  (>  5(jjfe>)the  transmission  line  characteristics  of  - - - _ 

the  test  circuit  can  Tae  ignored.  At  current  risetimes  of  1-5(4^  the  „  '  {Y)  ICt^O  r  ) 
aircraft  can  be  represented  by  a  single  impedance  transmission  line  — 

which  can  be  terminated  in  a  characteristic  resistance.  At  very  fast 
risetimes  «  O.S^q)  the  aircraft  system  looks  like  a  connected  set  of 
short  transmission  lines  of  different  Impedances.  In  the  limit,  the 
system  itself  will  govern  the  current  risetime  which  can  be  injected 
due  to  the  reflection /refractions  and  the  low  pass  filter  characteris¬ 
tics  of  the  system.  With  present  configurations,  current  risetimes 
faster  than  100ns  do  not  appear  possible. 

A'  I 
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BACKGROUND 

More  and  store  flight  critical  control  func¬ 
tions  are  being  performed  by  solid  state  elec¬ 
tronic  systems .  The  effects  of  adverse  envi¬ 
ronments  on  the  systems  lias  been  of  concern. 

One  of  the  more  potentially  damaging  environ¬ 
ments  Is  generated  by  lightning  strikes  to  the 
aircraft.  In  addition  to  using  micro-circuitry, 
many  new  high  performance  aircraft  utilize  ad¬ 
vanced  composite  structural  materials  which  cun 
increase  the  electromagnetic  levels  around  the 
aircraft  electrical  wiring  system. 

These  potential  problems  are  not  .tew  and 
NASA  sponaored  efforts  to  understand  and  develop 
test  techniques  to  measure  lightning  induced 
voltages  were  started  almost  15  years  ago.  This 
work  identified  two  areas  of  need,  1)  an  analy¬ 
tical  technique  which  could  be  applied  during 
the  aircraft  design  phase  to  reveal  potential 
problems,  and  2)  a  non-destructive  test  technique 
to  verify  that  the  aircraft  met  its  design  goals. 
Further  work  in  the  first  areas  has  been  carried 
out  by  a  number  of  investigators  from  various 
organizations. 

NASA  sponsored  work  in  the  second  area  re¬ 
sulted  in  the  Lightning  Transient  Analysis  (LTA) 
test  which  has  been  applied  to  sfcwral  aircraft 
systems.  Work  is  still  needed  in  both  areas 
since  the  efforts  to  date  have  not  resulted  in 
techniques  which  are  widely  accepted.  The  work 
reported  in  this  paper  is  in  the  second  area. 

Before  exposing  new  aircraft  systems  con¬ 
taining  advanced  composite  structural  materials 
and  solid  ststs  micro-circuit  controls  to  In¬ 
flight  lightning,  it  is  desirable  to  have  some 
assurances  in  the  form  of  test  data  available 
to  indicate  that  the  systems  will  survive. 

The  original  man-destructive  test  technique 
(LTA)  waa  published  in  1974(1)*.  Maaaurad  in¬ 
duced  voltages  were  extrapolated  to  full  threat 
level  using  a  ratio  of  the  applied  peak  current 
to  a  selected  threat  level  (30kA  or  200kA) .  The 
applied  current  waveshapes  were  cliosau  to  fit 
the  average  and  severe  current  models  generated 
by  the  Cianos  and  Fierce  data.  An  average  stroke 
of  30kA  peak  and  22kA/ys  rate  of  current  riee  can 
ba  represented  by  a  current  pulse  rising  to  crest 
in  lye.  A  severe  stroke  of  2QQkA  peak,  lOOkA/ya 
can  ba  extrapolated  from  a  currant  pulse  with  a 
2ys  crest  time.  Data  obtained  from  these  tests 
showed  that  the  peak  induced  voltages,  especi¬ 
ally  in  aingle  point  ground  circuits,  occurred 
In  the  first  l/2ys,  considerably  before  the 
crest  of  the  applied  current  (usually  at  2ys) . 
Thla  apparent  lack  of  correlation  bstvaen  the 
stimulus  and  tha  response  caused  many  to  ques¬ 
tion  the  validity  of  the  teat. 


To  investigate  the  fundamental  cause/affect 
relationships,  NASA  funded  further  efforts  in 
technique  evaluation.  The  results  of  those 
efforts  are  contained  in  NASA  CR  3329,  1980  (2), 
and  LT-82-132,  1982  (3).  This  paper  summarizes 
part  of  the  work  covered  in  those  reports. 

TEST  CIRCUIT  RESPONSE 

The  LTA  test  technique  does  not  stipulate 
the  circuit  return  conductor  configuration. 

Early  tests  were  conducted  using  a  single  re¬ 
turn  wire,  usually  laid  under  the  center  line 
of  the  aircraft  (4) .  As  the  effects  due  to 
return  wires  were  recognized,  the  returns  were 
split  and  routed  around  the  perimeter  of  the 
aircraft  (5).  Later  work  indicated  that  the 
return  wires  should  be  dlstributad  around  the 
aircraft  in  a  pattern  which  follows  the  electric 
field  lines  (6).  All  of  these  changos  improved 


*Numbers  in  parenthesis  designate  references 
at  the  end  of  the  paper. 

tha  electromagnetic  field  configuration  around 
the  aircraft  and  hopefully  made  it  more  repre¬ 
sentative  of  the  inflight  fields. 

In  flight,  the  lightning  current  has  a 
return  which  is  effectively  at  Infinity.  The 
aircraft  also  exhibits  a  surge  impedance  which 
is  governed  by  the  physical  dlmansloua  of  the 
aircraft  aloue.  Whan  the  aircraft  la  positioned 
in  a  hangar  and  surrounded  by  return  conductors, 
tha  electromagnetic  environment  is  greatly  al¬ 
tered.  Viewed  at  the  current  input  point 
(attachment  point),  the  teat  circuit  looks  like 
a  short  electrical  transmission  line,  with  a 
surge  impedance  of  75  to  150  ohms.  Due  to  the 
close  proximity  of  the  return  conductors,  this 
surge  impedance  level  is  probably  much  lower 
than  the  corresponding  inflight  situation.  But, 
from  a  practical  standpoint,  not  much  cau  be 
done  about  it.  If  the  return  conductors  are 
moved  away,  two  problems  arise.  The  total  cir¬ 
cuit  Impedance  goes  up,  reducing  the  applied 
current,  and  tha  aircraft  must  be  raised  off  of 
the  hangar  floor.  The  second  problem  will  es¬ 
tablish  limits  long  before  the  firet  lias  much 
effect. 

Unfortunately,  durii  g  the  ground  test  more 
than  one  set  of  transmission  lines  affect  the 
circuit  response.  The  circuit  return  conductors 
will  also  set  up  effective  transmission  lines 
betwsen  themselves  and  other  conductors  in  the 
near  vicinity  (rebar  in  the  hangar  floor,  steel 
walls  and  roofs,  electrical  conduits  and  con¬ 
ductors  in  the  area).  All  of  these  other  con¬ 
ductors  make  up  a  building  or  facility  ground 
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plane.  Whenever  a  signal  Is  Introduced  Into 
the  primary  transmission  line  (between  the  air¬ 
craft  and  its  return  line)  some  response  will 
be  induced  into  the  secondary  transmission 
lines.  As  travelling  waves  propagate  on  these 
primary  and  secondary  transmission  lines,  they 
interact  with  each  other  and  both  contribute 
to  the  final  waveshapes  observed  in  measurements 
taken  in  the  primary  system. 

Testa  conducted  on  both  the  F-8  .  1  the 
relative  geometric  scale  model  verified  the 
transmission  line  performance  of  the  test 
circuit.  To  minimize  the  effects  of  waves  prop¬ 
agating  in  the  secondary  transmission  lines, 
resistors  were  connected  between  the  return 
lines  and  building  ground.  The  improvement  in 
circuit  behavior  is  shown  in  Fig.  1.  These 
termination  resistors  do  not  prevent  energy 
coupling  into  the  secondary  lines,  but  they 
absorb  it  to  prevent  reflections. 

When  the  swtich  between  the  generator, cap¬ 
acitor  and  the  test  circuit  is  closed,  the  cap- 
acitor  voltage  will  be  impressed  across  the 
circuit  impedances.  The  voltage  Impressed 
across  the  primary  transmission  line  will  be  a 
function  of  the  transmission  line  surge  impe¬ 
dance  and  the  series  impedance  batwean  the  cap¬ 
acitor  and  the  transmission  line.  At  that  time, 
voltage  and  current  travelling  waves  will  begin 
propagating  down  the  transmission  line.  The 
voltage  and  current  rates  of  rise  will  be  a 
f 'motion  of  the  switch  operating  time.  In  gen¬ 
eral,  arcing  switches  are  used  and  the  risetimes 
are  quite  short.  This  means  that  a  low  magni¬ 
tude  current  pulse  (<10Z  of  the  final  peak)  but 
with  a  very  fret  rise  time  (<0.1ps)  as  shown  in 
Fig,  2,  could  be  inducing  voltages  in  the  elec¬ 
trical  wiring.  These  voltages,  due  to  the  fast 
risetimes  involved,  could  be  an  order  of  magni¬ 
tude  higher  than  the  response  to  the  Z\im  rise¬ 
time  current.  This  phenomena  could  very  defi¬ 
nitely  account  for  the  observed  discrepancy 
between  applied  current  risetime  and  the  induced 
voltage  response. 

In  an  attempt  to  resolve  thia  problem,  the 
teat  circuit  was  redesigned  to  have  a  raaiator 
between  the  aircraft  and  the  return  lines  equal 
to  the  approximate  surge  imps dance  of  the  system 
as  shown  in  Fig.  3.  This  provides  two  changes; 
first,  tha  transmission  line  is  terminated  and 
no  reflections  can  occur.  Secondly,  tha  sariss 
inductor  value  la  increased  (L/R  -  2pa)  sines  & 
increased,  so  the  magnitude  of  tha  first  current 
pulaa  is  decreased.  Although  it  may  not  com¬ 
pletely  eliminate  the  induced  voltage  response 
due  to  travelling  waves,  it  will  reduce  it  to  at 
laaat  tha  same  magnitude  as  voltages  caused  by 
the  applied  current  pulse. 


TRAVELLING  WAVE  VELOCITIES 


. If  the  termination  of  the  aircraft  is  re¬ 
moved  and  tha  aircraft  isolated  from  the  return 
lines,  measurements  of  the  travelling  waves  on 
the  airframe  can  be  made.  When  a  transmission 
line  is  open  circuited  an  one  end  and  shorted 
on  tha  other  (source  capacitor)  tha  reflected 
waves  will  result  in  a  damped  oscillation  with  a 
frequency  equal  to  four  times  tha  electrical 
transit  time  as  ahown  in  Fig,  4.  Testa  conducted 
on  both  the  F-8  and  tha  relative  geometric  scale 
model  resulted  in  calculations  predicting  transit 
times  corresponding  to  wave  velocities  less  than 
tha  speed  of  light. 

A  test  fixture  was  designed  and  teats  spe¬ 
cifically  conducted  to  measure  and  understand 
tha  phenomena  observed.  Originally,  it  was 
theorized  that  the  diameter  of  the  center  con¬ 
ductor  in  an  array  of  wires  (fuselage)  could 
affect  the  wave  propagation  due  to  its  reduced 
inductance  per  unit  length.  Measurements  of 
transit  times  on  the  fixture  (20  ft.  long,  4  ft. 
die.),  shown  in  Figs.  5  end  6,  wars  made  using 
a  two  wire  system  and  s  nine  wire  system  (8  re¬ 
turn  wires  and  a  center  tube) .  The  results  of 
tha  testa,  ahown  in  Fig.  7  and  Table  I,  ravaalad 
that  transit  times  corresponded  to  tha  spaed  of 
light  within  the  accuracy  of  the  aeaeurementa . 
Table  1  -  Summary  of  Transit  Timas  Determined 
From  Open  Circuit  Hinging  Frequencies 

Test  Description  Frequency  Transit  Times 


Mo. 

MHz 

ns 

69 

Two  Wire 

10.3 

24.2 

80 

8  Wires  6 

Canter  Wire 

10.8 

23.2 

105 

12.5cm  & 

8  Wires 

10.8 

23.2 

- 

6.15m  | 

calc. 

from 

20.5 

- 

6.9m  *1 

speed  of 
light 

23.0 

To  evaluate  the  response  further,  aluminum 
foil  wings  and  a  vertical  fin  ware  added  to  the 
fixture  in  the  same  proportion  aa  the  F-8  dimen¬ 
sions  as  shown  in  Fig.  8.  As  each  of  the  three 
items  were  added,  the  oscillation  frequency 
decreased  as  shown  in  Fig.  9.  The  final  tests 
showed  s  frequency  reduction  of  45Z,  very  close 
to  the  5QZ  values  observed  during  the  F-8  tests. 
A  set  of  measurements  wars  mads  of  the  time  of 
arrival  of  the  voltage  and  current  wavefronts. 
These  measurements  are  shown  in  Fig.  10  and  in¬ 
dicate  that  tha  waves  are  indeed  travelling  at 
tha  speed  of  light. 


} 


The  aircraft  is  not  a  constant  impedance 
transmission  line.  For  fast  rising  pulses,  It 
probably  looks  morn  like  a  series  of  several 
short,  transmission  lines  of  different  impedance. 
When  the  generator  switch  is  closed,  the  travell¬ 
ing  waves  start  down  the  pitot  boom.  At  the 
Junction  between  the  boom  and  the  forward  fuse¬ 
lage,  the  impedance  drops  slightly.  At  the 
Junction  of  the  wings  and  the  fuselage,  a  more 
significant  impedance  change  occurs.  The 
travelling  waves  reflect  and  refract  at  each 
of  these  Junctions.  The  bulk  of  the  wave 
energy  travels  down  the  fuselage,  out  of  the 
wings,  back  to  the  fuselage,  up  the  vertical 
fin  and  back  to  the  tail.  The  total  distance 
travelled  is  much  longer  than  the  length  of  the 
aircraft  and  the  period  of  oscillation  will  be 
related  to  this  length.  Observations  of  the 
oscillograms  in  Fig.  10  does  show  evidence  of 
reflections  that  could  ba  associated  with  the 
wing  attachment  point. 

FAST  RISING  CURRENT  TESTS 

Clanos  and  Pierce  (7)  provided  data  to  sub¬ 
stantiate  the  use  of  a  2  x  50ps  waveshape  for 
lightning  strokes  reaching  the  ground.  Recent 
data  has  been  provided  by  other  researchers 
who  report  current  risetimes  of  considerably 
shorter  durations.  Risetimes  of  25  to  50ns 
hava  been  observed  using  the  indirect  measure¬ 
ment  technique  (8,9).  To  generate  current 
pulses  with  risetimes  of  these  magnitudes,  gen¬ 
erators  with  different  characteristics  are  re¬ 
quired.  An  LC  ladder  network  (LCLN)  generator 
was  designed  to  represent  a  portion  of  the  light¬ 
ning  stroke  channel  and  has  a  source  surge  impe¬ 
dance  nominally  equal  to  the  aircraft  test  surge 
impedance.  The  generator  is  shown  schematically 
in  Fig.  11. 

Tests  conducted  with  this  generator,  which 
has  24  stages,  resulted  in  current  pulses  with 
risetimes  of  100  to  125ns.  At  high  voltages, 
20-50kV,  considerable  variation  in  the  applied 
voltage  waveshape  was  noted  from  pulse  to  pulse 
as  shown  in  Fig.  12.  Since  the  generator  was 
configured  to  operate  on  a  repetitive  pulse 
basis  of  5-20  pulses  per  second,  variations  in 
succeeding  pulses  were  quite  obvious  in  the 
oscillograms  taken  of  the  applied  voltage  and 
current.  Tests  showed  that  the  variations  ap¬ 
peared  to  be  related  to  switch  breakdown  char¬ 
acteristics.  A  standard  high  voltage  triggered 
sparkgap  was  used  for  thie  work.  After  trig¬ 
gering,  the  rate  at  which  the  gap  switches  will 
be  a  function  of  several  variables,  including 
spacing,  voltage,  air  density,  presence  of  free 
electrons,  etc.  Consequently,  the  closing  time 
will  be  a  statistical  distribution  about  come 
nominal  value.  If  that  time  is  on  the  same 
order  of  magnitude  as  the  required  risetime  of 
the  current  pulse,  then  variations  will  result, 

A  study  of  the  oscillograms  show  that  the  switch 
is  closing  faster  than  the  risetime  but  not  at 
uniform  rates.  Using  lower  voltages  and  a  mer¬ 


cury  wetted  relay  switch  resulted  in  perfectly 
repeatable  applied  waves.  However,  the  wave¬ 
shapes  are  somewhat  different.  Comparisons  are 
shown  in  Figs.  13  and  14. 

The  most  important  point  observed  was  the 
inability  to  inject  current  pulses  with  rise- 
times  fester  than  MOGns.  It  is  known  that  a 
mercury  wetted  switch  will  apply  risatlmas 
well  below  Ins.  It  appears  that  the  varying 
input  surge  impedance  characteristics  of  the 
airframe  must  be  controlling  the  shape  of  the 
applied  wave.  As  faster  and  faster  risetimes 
are  applied,  reflections  and  refractions  from 
aircraft  structural  shape  changes  become  more 
pronounced.  The  boom  to  nose  cone  junction  and 
the  front  wheel  reflections  must  ba  Involved  in 
the  observed  waveshape.  Depending  on  the  magni¬ 
tude  changes  involved  in  the  surge  Impedances J. 
magnitude  changes  of  20-502  in  the  applied  wave 
will  result  from  these  reflections.  Such  changes 
will  distort  the  wavefront  and  make  the  defini¬ 
tion  of  the  applied  wave  risetime  very  difficult 
to  interpret.  Secondly,  snd  just  as  important, 
is  the  fact  that  shape  of  the  applied  current  at 
the  injection  point  will  bear  little  resemblance 
to  the  wave  further  back  along  the  fuselage 
where  the  wires  being  tested  may  be  located.  If 
the  wave  rieetime  has  slowed  to  100ns  by  the 
time  it  reaches  the  midpoint  of  the  aircraft 
after  starting  at  20ns,  what  is  the  rate  of  rise 
of  the  test?  The  majority  of  the  cable  runs  are 
not  at  the  nose  but  further  back  along  the  fuse¬ 
lage.  A  transmission  line  will  act  as  a  low 
pass  filter  for  fast  rising  injectad  pulses,  so 
the  rate  of  rise  will  always  decrease  along  the 
length  of  the  line. 

INDUCED  VOLTAGE  RESPONSE  TO  FAST  RISING  PULSES 

During  the  F-8  test  technique  evaluations, 
Induced  voltage  maasurementa  were  taken  on  a 
pair  of  flight  control  cable  wires.  The  wires 
were  connected  to  airframe  at-  the  base  of  tha 
vertical  fin  and  measurements  were  made  at  the 
pallet  area  juat  aft  of  the  cockpit.  Voltages 
in  those  wires  were  monitored  throughout  the 
test  program  using  a  battery  powered  Tektronix 
475  oscilloscope  installed  inside  the  aircraft. 

Measurements  were  made  as  the  injected  cur¬ 
rent  waveshape  was  changed.  With  a  2  x  50ps 
waveshape  applied,  as  shown  in  Figure  15,  two 
identifiable  frequencies  are  observed  in  the 
Induced  voltage  oscillograms;  one  at.  750-800kHs 
and  a  low  level  oscillation  at  10-llitHz.  Using 
tha  LCLN  generator,  a  120ns  risetime  pulse  was 
applied.  The  resulting  induced  voltage,  shown 
in  Fig.  16,  now  contains  a  significant  contribu¬ 
tion  at  10.6MUz.  Modifying  tha  LCLN  generator 
(removing  inductors)  yieldsd  s  riaetims  of  90ns. 
Induced  voltage  measurements  made  with  this 
applied  pulse,  shown  In  Fig.  17,  resulted  in 
voltages  very  similar  to  the  120ns  pulss  except 
that  the  IO.6MH2  amplitude  increased  signifi¬ 
cantly  . 
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A  final  teat  was  conducted  using  a  O.lpF 
capacitor  at  110V  dc  and  a  mercury  switch.  The 
applied  current  pulse  was  found  to  be  double 
humped.  The  first  portion  raised  In  about  50ns. 
In  attempting  to  Increase  the  current  rate  of 
rise  some  changes  were  made  In  the  return  cir¬ 
cuit  connections.  The  Induced  voltage  shown  In 
Fig.  18  now  has  a  predominate  response  11. 8MHz 
with  low  level  oscillations  of  4Q-80MH*  present. 

To  Investigate  the  response  of  the  flight 
control  wires,  they  were  excited  by  pulsing 
them  at  the  base  of  the  vertical  fin  using  the 
O.lyF  capacitor  and  the  mercury  relay.  Except 
for  some  steps  at  100ns  on  the  front,  the  re¬ 
sponse  shown  in  Fig.  19  was  approximately 
2.5HHz.  Hone  of  these  frequencies  or  times 
correspond  to  the  responses  obtained  during  the 
Induced  voltage  tests.  Therefore,  it  can  be 
concluded  that  the  cables  are  not  excited  and/ 
or  oscillating  during  the  Induced  voltage  test, 
so  they  must  be  responding  to  electromagnetic 
fields  inside  the  airframe.  These  fields  are 
related  to  the  aircraft  external  environment. 

It  had  been  postulated  that  the  aircraft  dimen¬ 
sions  would  limit  the  upper  frequency.  This 
does  not  appear  to  be  correct. 

CONCLUSIONS 

Significant  developments  in  the  LTA  test 
technique  have  evolved  in  the  past  few  years. 

More  representative  electromagnetic  environ¬ 
ments  can  be  simulated  due  to  the  use  of  spaced 
multiple  return  conductors  around  the  aircraft. 

A  better  understanding  of  the  interaction  of 
the  return  conductors  and  the  facility  grounds 
allows  steps  to  be  taken  to  reduce  the  problems 
in  that  area. 

Perhaps  the  most  significant  achievement  in 
understanding  the  test  has  been  the  identifica¬ 
tion  of  the  role  played  by  travelling  electro¬ 
magnetic  waves.  The  aircraft  and  its  return 
conductors  represent  an  interconnected  set  of 
differing  impedance  transmission  lines.  The 
response  of  these  transmission  lines  to  the 
applied  stimulus  governs  the  teats  that  can  be 
applied  successfully  as  well  as  the  induced 
voltage  responses  that  occur. 

Specifically,  the  transmission  line  travell¬ 
ing  wave  theories  have  resulted  in  the  following 
conclusions; 

e  Travelling  waves  do  propagats  at  the  speed 
of  light  but  travel  distances  further  than 
the  nosa-to-rtail  dimensions . 

I 

s  The  airframe  appears  to  behave  Ilka  a  col¬ 
lection  of  short,  different  impedance  trans¬ 
mission  lines.  The  induced  voltage  fre¬ 
quency  content  will  reflect  these  frequen¬ 
cies  rather  than  a  frequency  related  to  the 
major  aircraft  dimansion, 
e  The  airframe  geometry  will  limit  tha  prac¬ 
tical  riaetlme  of  the  applied  current  pulse. 


e  The  LCLN  type  of  generator  will*  provide  the 
fastest  input  current  pulse  which  appears 
to  ba  on  the  order  of  100ns. 

However,  in  light  of  presently  available 
data,  most  lightning  induced  voltage  tests  should 
be  conducted  using  a  2  x  50ye  test  current 
which  can  successfully  be  generated  using  the 
resistively  terminated  return  circuit  configur¬ 
ation. 
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Figure  2 
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Idealized  Test  Circuit 


-  Voltage  and  Current  Travelling  Waves  on  an  Idealized 
Test  Circuit;  as  Observed  at  the  Center  of  the  Fuselage. 


Fig.  5  -  Diagram  of  transit  time  test  fixture 
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Fig.  12  -  Fast  Rise  Voltage  and  Current  Oscillo 
grams  at  the  F— 8  Pitot  Boom 


Fig.  10  -  Comparison  of  Travelling  Wave 
Voltages  at  the  Front  and  Rear  of  the.  Fixture 
With  Simulated  Wings 
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Fig.  13  -  High  Voltage  Triggered  Sparkgap 
Switch  I.CLN  Generator  Oscillograms 
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Fig.  14  -  Low  Voltage  Mercury-Wetted  Switch 
LCLN  Generator  Oscillograms 
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Fig.  15  -  Induced  Voltage  Measurements  2  x  50  lis  Wave 
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Fig.  19  -  Induced  Voltage  Measurement  Wire 
Natural  Frequency  Tests 


f  AD  POO 2 19 4 


NASA  F-106B  LIGHTNING  GROUND  TESTS 

B.  D.  Heady 
and 

K.  S.  Zeisel 

McDonnell  Aircraft  Company 
McDonnell  Douglas  Corporation 
St.  Louis,  Missouri  63166 


ABSTRACT 

■V 

Lightning  simulation  ground  tests  were  conducted  on  the 
NASA  F-106B  research  aircraft  prior  to  its  1982  flight  pro¬ 
gram.  The  purpose  of  the  test  program  was  to  measure  the 
respouse  of  the  aircraft’s  electromagnetic  sensors  and  interior 
wire  circuits  to  controlled  ground  test  environments.  Both 
direct  attachment  and  radiated  field  lightning  test  techniques 
were  used.  In  most  cases,  the  F-106B’s  engine  was  running, 
and  test  data  were  gathered  simultaneously  by  the  on-board 
instrumentation  system  and  a  remote  data  acquisition  system. 
The  wide  variety  of  ground  test  data  obtained  in  these  tests 
will  aid  the  interpretation  of  the  transient  data  produced  by 
natural  strikes.^ 

A 

NASA’s  LANGLEY  RESEARCH  CENTER  is  currently  using 
a  specially-instrumented  F-106B  aircraft  to  conduct  a 
thunderstorm  hazards  research  program.  Their  primary  task  is 
to  measure  the  aircraft’s  response  to  direct  lightning  strikes  in 
order  to  refine  the  characterization  of  the  lightning  environ¬ 
ment  [1],  The  research  is  motivated  by  the  lack  of  significant 
quantities  of  flight  data  on  the  lightning/aircraft  interaction 
process.  A  more  detailed  understanding  of  the  lightning  threat 
at  altitude  is  needed  to  optimize  the  protection  schemes  of 
future  aircraft  systems  which  are  becoming  increasingly 
dependent  on  sophisticated  microelectronic  circuits. 

This  paper  summarizes  the  lightning  simulation  ground 
tests  of  the  F-106B  conducted  under  NASA  contract  NAS 
1-16202  at  NASA  Langley  by  McDonnell  Aircraft  Company 
(MCAIK)  prior  to  the  aircraft’s  1982  flight  program  [2].  The 
purpose  of  the  ground  tests  was  to  measure  the  response  of 
the  aircraft’s  electromagnetic  sensors  and  interior  wire  circuits 
to  controlled  ground  test  environments  which  simulate  the 
electromagnetic  effects  of  a  lightning  strike.  Specific  objec¬ 
tives  were  to  (a)  compare  the  F-106B  sensor  responses  with 
those  of  externally-mounted  MCAIR  sensors,  (b)  determine 
the  variation  of  the  sensor  responses  for  controlled  input 
waveform  changes,  (c)  identify  the  characteristic  aircraft 
resonances,  and  (d)  measure  the  interior  wire  responses  for 
different  test  conditions.  The  ultimate  goal  of  the  project  is  to 
compare  the  ground  test  data  to  actual  flight  test  data  obtain¬ 
ed  from  natural  strikes  in  active  thunderstorms.  The  com¬ 
parison  of  these  two  sources  of  data  will  help  assess  the  ade¬ 
quacy  of  the  present  lightning  simulation  test  techniques. 

Two  completely  different  types  of  test  configurations  and 
aircraft  stimuli  were  used  to  accomplish  the  test  objectives. 
Most  of  the  testing  was  conducted  with  the  aircraft  being 
pulsed  directly  by  a  Marx  generator,  and  the  current  being 
returned  by  a  coaxial  wire  arrangement.  During  the  direct 
attachment  tests,  the  iuput  inductance,  output  configuration 
(hard-wired  or  spark  gap),  and  the  output  location  were 
v.vicd  to  provide  a  wide  variety  of  test  conditions.  In  addi¬ 
tion,  radiated  field  tests  were  conducted  using  a  long,  parallel 


wire  transmission  line  to  excite  the  natural  resonant  fre¬ 
quencies  of  the  elcctrically-isolQtcd  F-106B  aircraft. 

F-106B  RESEARCH  AIRCRAFT 

The  NASA  F-I06B  contains  ten  specially-designed  electro¬ 
magnetic  sensors  [3]  and  two  interior  wire  circuits  which  can 
be  monitored  in  flight  by  either  expanded-memory  digital  or 
wide-band  analog  data  channels.  Figure  1  shows  the  approx¬ 
imate  sensor  locations.  The  1  and  I  sensors  are  located  at  the 
base  of  the  nose  boom.  Flat  plate  D  sensors  are  located  on  the 
lower  forward  fuselage,  on  the  left  side  of  the  vertical  fin,  and 
under  each  wing  near  the  wing  tip.  Semi-circular  loop  B  sen¬ 
sors  are  located  on  either  side  of  the  aft  upper  fuselage  and 
under  the  wings  near  the  outside  of  the  main  landing  gear 
doors.  The  B  sensor  on  the  right  side  of  the  fuselage  is 
oriented  to  measure  longitudinal  current  down  the  axis  of  the 
aircraft.  The  other  three  B  sensors  are  oriented  to  measure 
transverse  current  flow. 

The  two  interior  wire  circuits  are  each  unshielded  single 
wires  that  are  shorted  to  the  airframe  on  one  end  and 
monitored  across  a  50-ohin  load  on  the  other  end  to  obtain 
their  induced  voltage  responses.  One  circuit  is  shorted  to  the 
airframe  near  the  left  wing  tip  and  runs  in  the  leading  edge  of 
the  wing  to  the  instrumentation  system.  The  other  circuit  is 
shorted  to  the  nose  bulkhead  and  runs  through  the  lower 
fuidage  to  the  instrumentation  system. 

The  data  recording  system  includes  digital  and  analog 
transient  recorders  and  is  located  in  a  shielded  enclosure  in  the 
missile  bay.  The  system  power  is  isolated  from  the  main  air¬ 
craft  power  by  a  motor-generator  set.  Shielded  coaxial  cables 
transfer  the  passive  electromagnetic  sensor  outputs  to  the 
recording  system. 

DIRECT  ATTACHMENT  TESTS 

The  direct  attachment  tests  were  conducted  using  a 
typical  lightning  test  configuration  (Figure  2)  with  the  aircraft 
being  the  inner  conductor  of  a  “coaxial”  transmission  line 
which  was  pulsed  by  a  Marx  generator.  The  aircraft  placement 
and  test  setup  were  similar  to  that  used  previously  by  NASA 
in  the  F-106B  lightUng  safety  tests  [4],  except:  (a)  the  aircraft 
was  isolated  from  ground  potential  by  high-voltage  dielectric 
pads  beneath  each  landing  gear  wheel,  (b)  a  high-voltage  Marx 
generator  was  used  to  produce  the  system  stimulus  instead  of 
s  high-current  capacitor  system,  (c)  a  spark  gap  was 
sometimes  incorporated  in  the  output  line  from  the  aircraft  to 
the  return  conductors,  and  (d)  the  test  data  were  gathered 
using  fiber  optic  data  links. 
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Fig.  1  ■  NASA  F-100B  tensor  locations 
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Fig.  2  •  Schematic  of  direct  teat  setup 
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The  aircraft  stimulus  was  varied  by  adding  coil  inductors 
and  by  incorporating  either  a  hard-wire  or  spark  gap  output 
connection.  MCAIR  B  and  D  sensors  were  taped  to  the  air¬ 
craft  in  the  vicinity  of  the  NASA  sensors  so  that  both  NASA 
and  MCAIR  sensors  could  simultaneously  provide  com¬ 
parative  responses.  The  NASA  and  MCAIR  instrumentation 
systems  each  monitored  four  data  channels  per  test.  In  many 
cases  the  same  sensor  output  was  monitored  by  both  the 
NASA  on-board  and  the  remote  MCAIR  systems.  The  real¬ 
time  MCAIR  system  permitted  immediate  observation  of  the 
sensor  responses  which  were  stored  directly  on  magnetic  tape 
by  the  aircraft  system. 

TIME  DOMAIN  RESULTS  -  Over  130  test  shots  were 
conducted  using  a  wide  variety  of  sensor  and  configuration 
combinations.  The  time  domain  results  from  the  direct  attach¬ 
ment  tests  can  be  summarized  as  follows: 

(a)  The  NASA  sensor  responses  agreed  well  with  the 
predicted  levels  and  varied  as  expected  for  changes  in  the  test 
conditions. 

(b)  There  was  good  agreement  in  the  responses  of  the 
NASA  flight  sensors  and  the  externally-mounted  MCAIR 
sensors. 

(c)  In  most  cases  the  sensor  responses  were  very  similar 
for  nose-to-tail  and  nose-to-wing  tip  tests,  except  that  the 
larger  transverse  currents  in  the  nosc-to-wiug  tip  shots  approx¬ 
imately  doubled  the  wing's  transverse  B  sensor  output. 

(d)  The  D  sensor  responses  at  the  time  of  spark  gap 
breakdown  increased  with  higher  aircraft  voltages  and  were 
strongly  modulated  by  the  2  MHz  transmission  line  frequency 
during  the  aircraft's  discharge. 

(e)  The  interior  wire  responses  were  inductively  coupled 
to  the  system  current,  and  the  fuselage  wire’s  induced  voltage 
was  approximately  15  times  larger  than  that  of  the  wing  wire. 


Figure  3  shows  a  typical  shot  with  the  aircraft  output 
hard-wired  from  the  tail  hook  to  the  junction  of  the  return 
conductors.  The  system  current  is  a  damped  sinusoid  with  a 
peak  of  2.8  kA  and  frequency  of  ~  330  kHz.  The  calculated 
system  inductance  is  42  pH.  The  B  transients  from  MCAIR 
sensors  on  the  access  door  aft  of  the  nose  gear  and  on  the 
upper  aft  fuselage  demonstrate  that  most  of  the  current  flow 
is  in  the  axial  direction;  however,  a  fast  transverse  component 
is  present  Immediately  after  the  generator  is  triggered.  The  B 
response  on  the  lower  forward  fuselage  location  agrees  with 
that  calculated  for  a  uniform  current  distribution  around  the 
nose  perimeter.  The  induced  voltage  on  the  interior  fuselage 
wire  is  phase  shifted  by  90  degrees  front  the  system  current 
since  inductive  coupling  was  dominant  in  the  common  mode 
circuit. 

Figure  4  shows  a  typlcul  Shot  with  a  spark  gap  inserted 
between  the  aircraft  output  connection  and  the  return  wire 
conductors.  In  this  test  configuration,  the  aircraft  Is  first 
charged  by  displacement  currents  and  tnen  discharged  when 
the  spark  gap  breaks  down.  Since  the  system  current  was 
measured  in  the  output  lead  from  the  aircraft,  the  current 
trace  does  not  include  the  displacement  currents.  Evidence  of 
the  displacement  currents  arc  seen  in  the  NASA  longitudinu!  B 
sensor  on  the  aft  upper  fuselage  and  the  interior  wire 
responses.  The  &  sensor  response  Is  proportional  to  the 


derivative  of  the  charging  and  the  discharge  currents,  like  the 
inductively  coupled  wire  transients,  the  §  response  is  therefore 
shifted  by  90  degrees  from  the  current.  The  B  sensor  and  wire 
circuit  responses  during  the  displacement  current  portion  of 
the  test  are  approximately  equal  in  magnitude  to  their 
responses  during  the  discharge  current  portion.  The  higher 
RLC  resonant  frequency  of  the  displacement  currents  compen¬ 
sates  for  the  lower  current  amplitudes. 
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Fig.  3  •  Typical  teat  with  hard-wiiwd  output 


40-3 


7.9 


c 

CO 

<* 


if 


S 

< 


t 

a. 

Z> 

■  a 


reaches  its  peak  voltage  (approximately  twice  the  steady-state 
level)  in  a  half  cycle,  and  the  10-inch. spark  gap  breaks  down 
in  2-1/4  cycles.  The  response  of  the  6  sensor  on  the  vertical 
stabilizer  is  in  phase  with  and  proportional  to  the  displace¬ 
ment  current  before  the  spark  gap  breakdown,  and  oscillates 
at  a  setup  dependent  transmission  line  frequency  of  -  2  MHz 
after  the  breakdown.  The  fuselage  circuit  response  is  very 
similar  to  that  shown  in  Figure  4. 
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Fig.  5  •  Tost  with  spark  gap  output  and  capacltlva 
voltago  dlvldar  monitoring  the  F-106B  voltage 


Fig.  4  •  Typical  test  with  10-Inch  output  spark  gap 


Figure  5  shows  another  shock-excitation  type  test  with  an 
output  spark  gap.  A  fiequency-compensated  capacitive  voltage 
divider  was  used  to  monitor  the  aircraft  voltage  across  the 
spark  gap.  With  the  divider  in  the  circuit,  both  the  aircraft-to- 
return  conductor  capacitance  and  the  divider  capacitance  are 
charged  prior  to  the  spark  gap  breakdown.  The  addition  of 
the  divider’s  capacitance  slows  the  displacement  current 
resonance  somewhat,  but  provides  useful  information  on  the 
time  variation  of  the  aircraft  voltage  and  Its  relationship  to 
the  response  of  the  other  aircraft  sensors.  The  voltage  divider 
response  is  a  displaced  cosine  waveform  whose  midpoint  of 
oscillation  is  shifted  about  the  steady-state  voltage  level  that  is 
attained  If  the  spark  gap  does  not  break  down.  The  aircraft 


FREQUENCY  DOMAIN  RESULTS  -  The  measured  data 
contained  frequencies  generated  from  three  sources;  the 
system  RLC  frequencies  during  aircraft  charging  and 
discharge,  transmission  line  frequencies  due  to  the  test  setup, 
and  the  aircraft’s  characteristic  resonances,  The  RLC  frequen¬ 
cies  were  dependent  on  the  primary  system  components  and 
layout.  Key  elements  included  the  gene,  tor  capacitance,  the 
aircraft-to-return  conductor  capacitance,  and  the  system 
inductance.  The  RLC  frequencies  were  closely  modeled  by  a 
series  RLC  circuit.  When  a  spark  gap  was  incorporated  in  the 
output,  a  single  equivalent  capacitance  was  calculated  from 
the  series  combination  of  the  generator  and  the  aircraft-to- 
return  conductor  capacitances  to  give  the  resonant  frequency 
of  the  displacement  current.  The  RLC  resonances  were  less 
than  1  MHz  and  were  varied  during  the  test  program  by 
changing  the  circuit  inductance. 
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The  transmission  line  frequencies  were  principally  deter¬ 
mined  by  the  physical  arrangement  of  the  test  setup  and  the 
terminations'1  at  the  ends  of  the  aircraft/return  conductor 
transmission  fine.  Transmission  line  resonances  were  present 
for  both  the  hard-wired  and  spark  gap  output  configurations. 
However,  the  output  spark  gap  case  produced  much  larger 
transmission  line  oscillations,  since  the  output  termination  was 
abruptly  changed  from  an  open  to  a  nearly  shorted  condition 
whenever  the  gap  broke  down.  The  transmission  line 
resonances  varied  between  1  and  2  MHz  for  the  different  test 
conditions  and  were  not  typical  of  the  half-wave  resonances 
which  would  be  observed  in  flight. 

The  high-frequency  aircraft  resonances  were  dependent 
on  the  aircraft  geometry  and  were  excited  during  abrupt 
system  transitions  such  as  the  generator  triggering  and  spark 
gap  breakdown.  The  aircraft  resonances  were  quickly  damped 
within  a  microsecond  or  two.  Figure  6  shows  the  time  and 
frequency  response  of  NASA’s  longitudinal  6  sensor  to  a 


shock-excitation  test.  The  6  waveform  shows  the  high- 
frequency  aircraft  oscillations  excited  at  the  generator  firing 
and  the  spark  gap  breakdown.  The  fast  Fourier  transform 
(FFT)  of  the  aircraft  charging  portion  of  the  waveform  shows 
resonant  peaks  at  7,  11,  and  18  MHz.  These  frequency  peaks 
were  present  in  almost  all  spectra,  and  an  additional  peak  was 
present  at  14  MHz  in  the  transverse  6  sensor  responses. 

RADIATED  TESTS 

Radiated  tests  were  conducted  to  determine  the 
characteristic  aircraft  resonances.  For  these  tests  the  aircraft 
remained  on  the  dielectric  isolation  pads,  but  the  return  con¬ 
ductor  assembly  was  completely  removed  and  the  test  setup, 
shown  in  Figure  7,  constructed.  The  100-meter-long  by 
40-meter-wide  parallel  wire  transmission  line  was  elevated  to 
the  height  of  the  aircraft  wings  and  terminated  in  approx¬ 
imately  its  characteristic  impedance  by*a  1250-ohm  resistor 
made  from  long,  stranH*,d  carbon  fibers. 


a)  Tima  Domain  Response 


b)  Frequency  Domain  Response,  Fast  Fourier  Transform 
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WK-n  the  Marx  generator  was  Tired  into  the  transmission 
line,  ta 1  abrupt  electric  field  pulse  was  applied  to  the  aircraft 
along  its  axis  and  drove  longitudinal  displacement  currents 
which  oscillated  at  the  aircraft’s  natural  frequencies.  The 
resulting  aircraft  voltage  variations  on  the  NASA  5  sensors 
were  monitored  by  fiber  optic  data  links  to  the  remote 
MCA1R  data  acquisition  system.  MCAIR  sensors  monitored 
the  Liddent  electric  field  and  the  current  pulse  applied  to  the 
transmission  line. 

Figure  8  shows  the  transmission  line  current  and  the  6 
responses  from  the  tail  and  left  wing  sensors  for  a  radiated 
test.  Toe  current  pulse  has  a  rise  time  of  120  ns  and  contains 
a  small  lotch  700  ns  after  the  start  of  the  pulse.  The  timing  of 
the  notch  is  consistent  with  the  down-and-back  time  of  the 
100-me  er-long  line.  Since  the  amplitude  of  the  reflected  wave 
was  small,  no  attempt  was  made  to  perfectly  match  the  load 
termination. 

The  D  waveforms  were  high-frequency  transients 
measured  with  a  5-ns  sampling  interval  and  lasted  only  a 
microsecond.  The  amplitudes  from  the  fuselage  and  tail  sen¬ 
sors  were  approximately  0.30  A/m2  peak-to-peak  and  were 
about  three  times  larger  than  the  wing  sensor  responses. 

Figure  9  shows  the  fuselage  6  response  and  its  fast  Fourier 
transform.  The  resonant  peaks  are  only  approximately  iden¬ 
tified  since  the  frequency  resolution  of  the  FFT  is  only  0.8 
MHz  for  such  a  short  duration  transient.  The  spectra  of  the 
derivative  sensor  emphasizes  the  higher  frequencies,  so  that 
resonances  were  generally  oberved  at  approximately  7,  11, 18, 
23  and  26  MHz.  The  7-,  11-,  and  18-MHz  oscillations  were 
also  observed  in  the  direct  attachment  tests.  The  14  MKz  seen 
in  the  transverse  sensors  of  the  direct  attachment  case  is  not 
present  in  the  radiated  data  since  the  excitation  was  primarily 
longitudinal.  The  higher  harmonics  in  the  radiated  tests  at  23 
and  26  MHz  were  masked  by  the  more  dominant  lower  fre¬ 
quencies  in  the  direct  attachment  tests. 
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Fig.  8  -  Typical  radiated  teat  tranatent* 
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Fig.  9  ■  NASA  FuMlcg*  D  sensor  raspons*  for  ■  radiated  teat 


SUMMARY 

The  lightning  simulation  ground  tests  accomplished  all 
program  objectives.  All  NASA  sensors  and  interior  wires  were 
monitored  for  a  wide  variety  of  test  conditions,  and  their 
responses  were  compared  to  externally-mounted  MCA1R  sen¬ 
sors.  The  sensor  responses  were  repeatable,  self-consistent, 
and  in  general  agreement  with  values  predicted  in  pretest 
calculations.  The  interior  wire  responses  were  inductively 
coupled  to  the  aircraft  currents  and  produced  sizeable  induced 
voltages  during  both  the  displacement  current  (charging)  and 
discharge  phases  of  the  shock-excitation  tests. 

The  direct  attachment  tests  produced  three  types  of  fre¬ 
quency  resonances.  The  overall  system  RLC  response  agreed 
well  with  values  predicted  from  RLC  circuit  theory.  A  strong 
transmission  line  resonance  at  =  2  MHz  was  due  to  the 
physical  arrangement  of  the  test  setup  and  the  terminations  at 
the  ends  of  the  ah  craft/return  conductor  transmission  line. 
Aircraft  resonances  were  measured  at  7,  11,  14,  and  18  MHz, 
but  were  somewhat  masked  by  the  transmission  line  and  RLC 
resonances.  In  the  radiated  tests,  aircraft  resonances  were 
measured  at  approximately  7,  11,  18,  23,  and  2 6  MHz.  These 
measured  aircraft  frequencies  generally  agree  with  the 
observed  flight  data  resonances  at  7,  8,  13,  and  21  MHz  [S]. 

The  ground  test  data  have  not  yet  been  compared  to  the 
1982  flight  program  data  which  include  nose  I,  fuselage  6, 
and  longitudinal  £  sensor  responses  for  over  ISO  lightning 


incidents.  As  the  1982  and  future  F-106B  flight  data  are  com¬ 
pared  to  these  ground  test  results,  a  more  accurate  assessment 
of  the  realism  of  indirect  effects  lightning  test  techniques  will 
be  possible. 
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ABSTRACT 


Simulated  lightning  tests  we re  performed  on  the  Jaguar  aircraft 
modified  for  demonstrating  fly-by-wire  technology.  A  pulse  generator 
injected  currents  of  100  kA  maximum  into  the  fuselage;  measurements 
were  made  of  induced  voltage  and  current  transients  in  cables,  currents 
and  magnetic  fields  in  equipment  bays,  current  density  on  the  fuselage 
and  wings,  and  rate  of  change  of  electrical  field  at  two  locations. 
Full-threat  estimates  were  obtained  by  extrapolation.  Some  remarks 
are  included  on  the  consistency  and  accuracy  of  the  results  and  their 
realism  in  relation  to  actual  in-flight  strikes. 

* 


AS  PART  OF  THE  JOINT  MOD  AND  BRITISH  AEROSPACE 
PROGRAM  to  demonstrate  fly-by-wire  technology, 
a  Jaguar  aircraft  was  codified  to  incorporate 
a  quadruple*  igital  flight  control  system 
(FCS'(l)*.  Since  the  system  had  full  authority, 
flight  safety  was  critically  dependent  on  its 
correct  operation  and  it  wan  therefore  import¬ 
ant  to  demonstrate  that  such  a  system  could  be 
adequately  protected  against  sources  of  electro¬ 
magnetic  interference,  including  a  lightning 
strike.  Tests  with  simulated  lightning  were 
carried  out  over  four  weeks  in  1982  as  a  joint 
exercise  by  BAe  Warton,  the  CuJham  Lightning 
Studies  Ur.it  (CLSU)  and  the  Flight  Systems 
Department  of  RAE  in  ordex  to  assess  the 
adequacy  of  the  lightning  protection  incorpor¬ 
ated  and  hence  to  obtain  if  possible  a  relaxa¬ 
tion  of  the  restrictions  which  were  applied  to 
test  flying  in  lightning  risk  conditions. 

The  tests  consisted  of  employing  a  CLSU 
transportable  pulse  generator  to  pass  a  damped 
sinusoidal  current  pulse  through  the  aircraft 
fuselage,  the  current  return  circuit  being  a 
quasi-coaxial  system  of  conductors  similar  in 
principle  to  that  used  previously  on  other 
aircraft  (2).  The  resulting  transient  volt¬ 
ages  and  currents  in  the  ECS  were  recorded,  as 
were  the  magnetic  ar.d  electric  fields  at  selec¬ 
ted  points  on  or  in  the  aiicraft.  As  far  as 
possible,  recorded  peak  amplitudes  were  extra¬ 
polated  to  full-threat  levels,  and  in  the  case 
of  induced  voltages  in  the  FCS  these  were  com¬ 
pared  with  the  equipment  susceptibility  levels 
determined  by  a  neparat.e  program  of  analysis 
and  tests. 

An  estimate  at  system  resonances  was  mads 
from  frequency  analysis  of  the  waveforms,  and 
thoae  were  further  explored  in  subsidiary  tests 
using  a  low  power  pulse  generator  in  the 
frequency  range  3.4  to  8  MHs. 

TEivT  PROCEDURE 

Fur  the  teats  the  aircraft  was  mounted  on 
jacks,  undercarriage  up,  and  insulated  from  the 
earth  except  at  n  single  earthing  point,  which 
was  the  connector  for  the  ground  electrical 
power  supply.  To  minimise  risk  to  sensitive  ox 
flight-safety  critical  equipment  all  such 
equipment  not  essential  to  the  test  of  the  FCS 
was  removed  or  electrically  disconnected.  To 
reduce  fire  hazard  the  fuel  system  was  drained 
as  far  as  possible  and  was  purged  of  oxygen  by 


a  continuous  flew  of  nitrogen,  the  level  of 
oxygen  being  monitored  and  kept  below  22  by 
volume . 

Two  alternative  current  paths  through  the 
fuselage  were  et<4>loyed  namely  nose-tc -tail 
(N-T)  and  nose-to-fin-tip-aetial  (N-FJ,  the 
latter  simulating  a  commonly  observed  lightning 
attachomnt  point  to  this  aircraft.  For  most  of 
the  tests  the  FCS  computers  were  removed 
(except  for  the  dummy  computers  which  were 
installed  as  part  of  the  measurement  system  as 
described  below)  and  no  electrical  or  hydraulic 
power  was  applied.  However,  the  program  did 
include  some  tests  at  the  highest  current  pulse 
level  (all  nose-to-tail  current  path)  with  the 
missing  computers  installed  (they  rare  'rig 
utandard'  not  'flight  standard'  but  were 
elactromagneticully  the  same)  and  wxth 
electrical  and  hydraulic  power  supplied,  from 
ground  equipment.  This  two-stage  procedure  was 
adopted  in  order  to  ascertain  the  level  of 
transients  before  real  computers  were  put  at 
risk. 

At  cha  completion  of  the  test  program, 
the  aircraft  was  cleared  for  flight  by  instal¬ 
ling  »nd  connecting  all  equipment  and  carrying 
out  a  full  series  of  functional  checks.  The 
'rig  standard’  equipment  which  had  been  fitted 
for  the  lightning  tests  was  also  re-qualified. 

The  current  pulse  was  injected  into  the 
fuselage  by  the  CLSU  pulse  generator,  using 
a  solid  connection.  It  was  essentially  « 
damped  sine  wave  of  frequency  32  kHz  a, ad  decay 
time-constant  125  ps,  corresponding  to  a  Q 
factor  of  about  13.  The  first  current  peak  was 
proportional  to  the  initial  voltage  on  tha 
6. 25pF  capacitor  bank  of  the  pulse  generator, 
being  100  kA  f^r  80  kV,  with  a  corresponding 
initial  rate  of  current  rise  of  20  kA/p*. 

Tests  were  performed  at  20,  40  and  80  kV. 
Oscillograms  of  all  current  pulses  were 
obtained  in  order  to  assess  their  variability; 
about  922  of  pulses  were  within  202  of  foe 
nominal  level  and  results  were  corrected  for 
pulses  outside  this  range. 

METHOD  OF  MEASUREMENT  AND  ANALYSIS 

MEASUREMENT  OF  VOLTAGES  AND  CURRENTS  IN 
CABLES  -  Induced  transient  voltages  were  mea¬ 
sured  at  18  selected  points  in  the  FCS  by 


*  Numbers  in  parentheses  designate  References 
at  end  of  paper. 


maant  of  two  dusmy  computers  containing  moni¬ 
toring  circuits,  installed  respectively  in 
place  of  one  of  the  four  Flight  Control 
Computers  (FCC)  and  one  of  the  two  Actuator 
Drive  and  Monitor  Computers  (ADMC) .  As  stated 
above,  for  most  cf  the  tests  only  these  digamy 
computers  were  installed,  the  other  computer 
positions  being  left  aap<;y. 

The  measurement  system  for  voltages  and 
cable  currents  is  shown  in  Fig  1.  For  the 
voltages,  three  data  signals  could  ba  recorded 
simultaneously,  each  channel  having  a  fibre 
optical  link  (50  ft  input  impedance)  between 
e  6-way  coaxial  switch  unit  and  a  storage 
oscilloscope  in  the  screened  recording  room. 

The  diagnostic  circuits  (D)  presented  the 
correct  impedance  to  the  incoming  signals  end 
transformed  them  to  suitable  impedance  end 
voltage  levels  for  transmiesion;  some  ware 
passive  networks  and  others  wore  active  high 
impedance  circuits  using  operational  amplifier 
type  LM318  having  a  flat  frequency  response  to 
5  MHz.  Power  was  obtained  from  batteries 
located  within  the  aircraft  but  external  to  the 
dummy  amplifiers.  The  18  monitoring  points 
wars  chosen  to  represent  e  variety  of  wiring 
types,  wiring  routss  and  circuit  types. 

The  transient  bulk  current  in  selected 
cables  wee  measured  by  means  of  current  trans¬ 
formers  (C  in  Fig  1)  followed  by  a  fibre  optical 
link. 

Besides  the  transients  appearing  at  the 
computer  inputs,  it  was  decided  in  selected 
cases  to  assess  the  common-mode  voltage  that 
would  stress  the  insulation  between  the  air¬ 
frame  and  the  wiring  in  a  remote  sensor  feeding 
tho  FCS.  For  practical  reasons  this  was 
achieved  by  grounding  the  sensor  and  measuring 
the  voltage  appearing  at  the  computer  and  of 
the  cable  -  referred  to  as  'remote  earth'  teats. 

ANALYSIS  OF  VOLTAGE  AND  CURRENT  TRANSIENTS 
The  transients  contained  one  or  both  of  the 
following  components: 

(a)  A  component  having  the  frequency  and 
damping  of  the  applied  teet  pulse;  referred  to 
as  the  LF  component  (32  kHz  in  these  testa). 

(b)  A  component,  referred  to  aa  HF, 
having  a  complex  waveform  consisting  of  various 
frequencies  (usually  above  1  MHz)  having  no 
relation  to  the  frequency  of  the  applied  pulse, 
being  ehock-excited  oscillations  related  to 
tho  natural  electrical  resonances  of  the  air¬ 
craft  itself  and  its  electrical  circuits. 

In  sjtaa  oases  only  one  of  these  components 
was  present,  while  in  others  both  appeared,  the 
HF  being  superimposed  on  about  the  first  quarter 
cycle  of  the  LF  waveform. 


Processing  of  the  recorded  waveforms 
took  two  forms: 

(i)  Measuring  the  peak  value  of  the 
transient  and  extrapolating  to  the  full-threat 
value.  Full  threat  was  taken  to  bo  200  kA 
peak  current,  200  kA/ys  rate  of  current  rise 
and  1011*  V/m  per  second  rate  of  rise  of 
electrical  field;  the  last  figure  is  a  value 
which  has  been  discussed  but  not  yet  agreed  as 
a  severe  throat  level.  The  extrapolation 
factor  to  be  applied  to  the  measurements 
obtained  with  the  most  severe  test  pulse 

(£0  kV  on  the  capacitor  bank)  varied  with  the 
particular  waveform  obtained,  being  2  for  LF 
waveforms  shoving  resistive  coupling  (sine 
wave) ,  5  for  LF  waveforms  showing  inductive 
coupling  (cosine  v&ve)  and  5  for  all  HF  wave¬ 
forms,  assumed  to  depend  on  either  di/dt  or 
dE/dt  t  the  measurements  of  dE/dt  (see  below) 
having  suggested  that  a  common  extrapolation 
factor  would  be  appropriate.  Ref. 3  discusses 
in  greater  detail  the  relationship  between 
induced  HF  voltages  and  the  various  parameters 
of  the  lightning  stroke. 

(ii)  Digitising  the  recorded  waveform  and 
storing  in  an  HP9845B  desk-top  computer  where 
its  frequency  spectrum  was  computed  numerically, 
the  objective  being  to  determine  the  frequencies 
and  damping  factors  of  the  natural  resonant 
modes  of  the  system, 

MEASUREMENT  OF  AIRCRAFT  CURRENT,  CURRENT 
DENSITIES  AND  FIELDS  -  The  waveform  of  the  fuse¬ 
lage  current  was  recorded  at  two  locations  - 
on  the  port  side  of  the  forward  fuselage  below 
the  cockpit  and  on  the  starboard  keel.  These 
measurements  ware  made  by  fitting  a  current 
transformer  around  a  short  wire  anchored  between 
two  fasteners  at  each  location. 

A  current  density  senscr  was  placed  in 
turn  at  various  points  around  the  fuselage  at 
four  selected  cross-sections  as  shown  in 
Fig  2a4b.  These  were  compared  with  valuta 
calculated  by  means  of  the  CLSU  program  INDCAL. 
Measurements  were  also  made  of  the  magnitude 
and  direction  of  current  densities  on  tha  upper 
end  lower  surfaces  of  the  wings  (Fig  2c) . 

Measurements  were  made  of  the  magnetic 
field,  end  tha  current  in  various  structural 
members,  inside  the  Navigation  and  Weapon 
Aiming  System  (NAVWA3)  bay,  partly  in  order  to 
assess  the  gasket  design  on  the  door.  Finally, 
measurements  were  made  with  'total  flux  loops' 
in  the  NA VWA3  and  starboard  gun  beys;  such  a 
loop  is  achieved  by  running  a  wire  around  the 
bay  near  the  walls  in  a  manner  that  maximises 
the  induced  voltage. 

In  the  pest,  assessment  of  lightning 
induced  effocts  has  concentrated  on  the  magnetic 
fields,  but  changing  electrical  fields  can  also 
be  important,  and  these  were  measured  at  two 
positions  on  the  aircraft.  For  this  purpose  an 


EG  4  G  balanced  6  sensor  was  installed  above 
the  centre  spine  and  later  in  the  cockpit;  at 
each  location  the  installation  was  varied  to 
detect  in  turn  the  vertical  and  horizontal 
component  of  flux.  Transmission  of  data  to 
the  recording  room  was  again  through  a  fibre 
optical  link.  The  recorded  waveforms  were 
digitised  and  then  integrated  numerically 
using  the  HP9845B  computer  to  obtain  the  wave¬ 
form  of  D  or  E ;  spectral  analysis  was  also 
performed  using  the  FFT  program. 

LOW  POWER  INJECTION  TESTS  AT  HIGHER 
FREQUENCY  -  For  some  tests  the  CLSU  pulse 
generator  was  disconnected  and  transients  were 
injected  by  means  of  a  lower  power  higher 
frequency  pulse  generator  originally  produced 
for  transient  testing  of  equipments.  Its  out¬ 
put  was  a  damped  sine  wave  selectable  in  a 
nominal  frequency  range  of  3-30  MHz;  it  had 
a  voltage  injection  mode  (direct  connection) 
and  a  current  injection  mode  (through  a  current 
transformer) .  The  instrument  was  used  initially 
as  a  convenient  and  safe  way  of  commissioning 
the  instrumentation  without  having  to  pulse  the 
aircraft,  by  direct  injection  into  the  electri¬ 
cal  system.  It  was  also  used  to  measure  the 
coupling  between  particularly  exposed  cables 
(for  example,  in  the  aircraft  spine)  and  the 
PCS  cables.  At  the  end  of  the  main  tests  it 
was  used  in  place  of  the  CLSU  pulse  generator 
for  injection  into  the  fuselage  in  order  further 
to  explore  resonances  of  the  system.  Both  vol¬ 
tage  and  current  injection  into  the  noae  were 
employed  at  nominal  frequencies  of  3,  5  and 
7  MHz,  each  at  two  generator  HT  levels,  the  peak 
injected  currents  being  in  tha  range  3-28  A. 

By  means  of  current  transformers  the  nose 
current  near  the  injection  point  was  ieeasured 
and  the  akin  current  in  the  fuselage  was  sampled 
using  a  surface  wire  attached  to  the  starboard 
keel.  Transmission,  recording  and  frsquency 
analysis  of  date  were  as  in  the  mein  tests, 

RESULTS 

VOLTAGES  AMD  CURRENTS  -  In  Table  1,  the 
18  channels  of  voltage  measurement  are  grouped 
according  to  function  and  type  of  circuit,  this 
classification  also  corresponding  to  the  type 
of  wiring.  The  impedance  of  the  circuit  is  also 
given;  this  affects  the  level  of  coupled  volt¬ 
age  and  the  relative  importance  of  inductive 
and  capacitive  coupling.  Table  1  includes  the 
peak  induced  voltages  extrapolated  to  full- 
threat  level,  both  for  normal  and  'remote  earth' 
configuration,  and  the  principal  frequency  of 
the  HE  transients.  Sample  waveform*  are  shown 
in  Fig  3a~c. 

The  above  results  were  obtained  by  plotting 
separately  the  peak  induced  LF  and  HF  voltages 
against  the  voltage  on  tha  capacitor  hank 
(20-80  kV) ,  The  linearity  of  the  curves  was 
one  measure  of  the  confidence  to  be  placed  in 
the  results.  Separate  noise  tests  were  made 


during  some  current  test  pulses,  consisting 
mainly  of  measuring  the  voltage  received  whan 
the  plugs  of  the  dummy  computers  were  dis¬ 
connected,  the  power  cupply  to  the  diagnostic 
circuits  was  removed  or  the  6 -way  switches  were 
opan-circuitcd.  The  general  conclusion  was 
that  for  those  channels  where  the  measured 
inducad  voltage  was  substantial  the  effect  of 
noiae  was  small  and  in  any  case  pessimistic. 

For  measurad  transients  of  smell  amplitude, 
which  are  not  of  much  practical  importance,  the 
proportion  of  noise  was;  high  in  some  cases. 

Tha  highest  HF  voltages  are  in  Group  A, 
because  of  the  routing  and  type  of  wire; 
channel  1  also  shows  a  high  'remote  earth'  LF 
voltage  which  in  practice  would  stress  the 
remote  hardware  At  260  V,  but  this  is  well 
within  withstand  capability.  This  group  has 
low  impedance,  but  generally  speaking  in  the 
other  circuit*  higher  voltages  correspond  to 
higher  impedances.  Voltages  do  not  seem  to 
correlate  with  routs  length,  so  the  shielding 
is  probably  good  over  most  of  the  length. 

The  transient  bulk  current  measurements 
indicated  again  that  tha  linearity  of 
transient  peak  against  capacitor  voltage  was 
generally  good,  Noiae  measurements  consisted 
mainly  of  occasionally  triggering  the  bank 
switch  with  zero  voltage  on  the  bank  and  some¬ 
times  parsing  a  normal  teat  current  pulse  but 
with  tha  current  transformer  disconnected  from 
but  left  close  to  the  cable  to  which  it  had 
been  fitted.  Conclusions  on  the  noise  content 
were  similar  to  those  for  the  voltage  measure¬ 
ments.  The  extrapolated  full-threat  peak 
value e  of  the  transient  bulk  currants  in 
selected  cables  are  given  in  Table  2.  In  this 
context  a  cable  means  a  bundle  of  wires  all 
feeding  into  the  same  connector  on  a  computer 
etc.  Fig  3d  shows  a  current  waveform  consisting 
of  HF  only.  An  example  of  a  frequency  spectrum 
is  given  in  Fig  4. 

The  amplitudes  and  waveforms  obtained  have 
been  a  basis  for  formulating  tests  on  the  FCS 
equipments  themselves  and  should  also  contribute 
to  the  discussion  on  standardisation  of  equip¬ 
ment  test  techniques  taking  place  in  Committee 
SAE4L  (4) . 

During  the  most  severe  teste  (100  kA  test 
current) ,  with  oil  FCS  computers  installed  and 
with  electrical  and  hydraulic  power  on,  the 
FCS  was  monitored  by  maans  of  ground  test  equip¬ 
ment  and  no  malfunctions  were  observed. 

AIRCRAFT  CURRENT,  CURRENT  DENSITIES  AND 
MAGNETIC  FIELDS  -  The  recorded  fuselage  surface 
currents  at  two  locations  indicated  an  LF  wave¬ 
form  with  a  small  HF  transient  (about  5  MHz, 

Q  -  30)  superimposed  on  tbs  first  quarter  cycle. 
The  HF  amplitude  was  such  that  it  would  be  4  kA 
for  a  100  kA  test  pulse. 
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The  measurement*  of  current  density  in  the 
fuselage  (Fig  2b)  shoved  that  current  flow  was 
inductively  dominsted  and  gave  a  good  indication 
of  high  and  low  current  concentrations  and  hence 
guidance  on  the  regions  where  any  doors  need  to 
make  good  electroaagnetic  contact,  for  example 
by  means  of  gaskets.  Current  density  on  a  wing 
surface  is  shown  in  Fig  2c. 

Magnetic  field  strengths  in  the  NAVWAS  bay 
at  various  points  for  a  fuselage  current  of 
25  kA  were  55-200  A/m,  the  current  in  a  particu¬ 
lar  axial  etrut  being  96  A;  both  field  and 
current  were  approximately  doubled  when  the  con¬ 
ducting  door  gaskets  were  insulated.  These 
figures  indicate  that  the  currents  flowing 
internally  in  the  bay  at  full-threat  level 
would  be  as  high  as  800  A  even  with  good  gasket 
design. 

The  results  for  the  'total  flux  loops' 
were  particularly  significant  in  the  gun  bay; 
with  gasket  fitted,  the  peak  induced  voltage 
(for  25  kA  test  pulse)  was  5  V  and  the  waveform 
was  essentially  resistive  (proportional  to  test 
current)  while  with  the  gasket  insulated  the 
peak  was  30  V  and  of  di/dt  waveform,  as  shown 
by  the  waveforms  of  Fig  3e&f .  Extrapolation  by 
factors  of  8  and  20  respectively  gave  full- 
threat  valuee  of  40  V  end  600  V.  These  results 
show  that  the  conducting  gasket  prevented  the 
direct  penetration  of  flux,  so  that  when  it  was 
fitted  only  diffusion  flux  remained. 

ELECTRICAL  FIELD  -  The  waveform  of  t 
often  contained  a  burst  of  40  MHz,  followed  by 
5  MHz,  oscillations.  It  is  thought  that  the 
former  were  produced  by  the  trigger  circuit  of 
the  switch  in  the  pulse  generator  while  the 
letter  ware  characteristic  of  the  aircraft. 
Integration  to  produce  E  of  course  attenuated 
the  HF  in  proportion  to  the  frequency.  Because 
of  errors  in  the  vertical  positioning  and  the 
levelling  of  the  zero  line  of  the  £  trace 
prior  to  integration,  the  waveform  of  E  often 
contained  a  spurious  ramp  and  other  distortions, 
but  the  ramp  could  be  allowed  for.  There  wee 
also  a  wide  spread  in  the  amplitude  of  £  and 
E  from  shot  to  shot,  not  accounted  for  by 
instrumentation  and  processing  errors.  This  is 
thought  to  have  been  mainly  due  to  variability 
in  the  operation  of  the  switch,  since  £  is 
very  sensitive  to  conditions  at  switch-on,  and 
such  an  explanation  is  consistent  with  the 
variable  nature  of  the  40  MHz  content.  The 
highest  values  recorded  (at  the  cockpit  sensor) 
were  1.6  x  1013  V/m  per  second  and  360  kV/m 
respectively,  with  40  kV  capacitor  bank 
voltage.  Average  values  under  the  same  condi¬ 
tions  were  10* 3  V/m  per  second  end  220  kV/m. 

The  rise  time  (from  10-902  of  peak)  for  E  was 
about  0.06  us;  this  is  consistent  with  the 
field  rising  to  a  peak  in  s  half  cycle  of  the 
predominant  aircraft  resonance  (5  MHz).  A 
sample  waveform  of  E  and  E  is  given  in  Fig  5. 


Although  there  is  no  agreed  specification 
level  for  E ,  a  figure  of  10***  V/m  per  second 
in  often  quoted  -  a  factor  of  5  up  on  the  aver¬ 
age  level  to  be  expected  at  80  kV  in  these 
tests.  This  extrapolation  factor  of  5  is  the 
same  as  for  magnetic  coupling,  and  is  there¬ 
fore  the  full-threat  extrapolation  factor 
employed  in  Table  1  for  all  the  HF  voltages. 

LOW  POWER  INJECTION  TESTS  AT  HIGHER 
FREQUENCE  -  In  general,  frequency  analysis  of 
the  waveforms  indicated  that  for  each  frequency 
setting  the  nose  and  keel  currents  had  the  same 
predominant  frequency,  of  similitude  proportional 
to  the  pulse  generator  HT.  However,  it  was 
noted  that  with  current  injection  giving  a  nose 
current  of  4.4  MHz,  the  keel  current  contained 
a  substantial  component  at  3.6  MHz  as  well  as 
at  4.4  MHz,  suggesting  that  a  resonance  had 
bean  excited.  Construction  of  the  resonance 
curve  of  the  aircraft  end  return  current  con¬ 
ductors  was  attempted  by  plotting  the  ratio  of 
keel  to  nose  current  against  frequency  as  in 
Fig  6.  A  resonance  near  3.5  MHz  ie  suggested, 
although  unfortunately  there  are  no  results  at 
lower  frequencies,  which  would  have  identified 
the  shape  of  the  curve  and  the  position  of  the 
peak  more  exactly. 

CONCLUSIONS 

(1)  It  has  been  shown  that  it  is  possible  to 
carry  out  a  simulated  lightning  test  on  a 
complete  FBW  aircraft  at  a  severity  level 
requiring  comparatively  small  extrapolation  to 
full  threat  and  without  hazard  to  flight 
capability  provided  the  test  level  end  com¬ 
pleteness  of  equipment  fit  are  gradually 
extended  as  results  are  obtained, 

(2)  In  general,  the  measurements  were  repeat- 
able  end  scaled  linearly  with  pulse  generator 
HT  voltage,  although  there  was  a  wide  spread 

in  E  measurements  which  suggests  a  wide  vari¬ 
ation  in  the  switch-on  time  of  the  capacitor 
bank. 

(3)  It  was  possible  to  measure  induced  volt¬ 
ages  and  currents,  where  they  were  of  signific¬ 
ant  amplitude,  in  a  reasonably  interference- 
free  manner  by  the  employment  of  fibre  optical 
links  and  by  careful  attention  to  shielding  and 
grounding  of  the  instrumentation.  However,  in 
soma  instances  it  was  found  that  HF  transients 
were  reaching  the  instrumentation  directly  (from 
the  trigger  circuit  of  the  pulse  generator)  and 
were  not  actually  pert  of  the  waveform  being 
measured. 

(4)  The  technique  of  digitiaing  waveforms  for 
subsequent  processing  (eg  integration  or  fre¬ 
quency  analysis)  proved  useful  although  the 
operations  were  the  source  of  some  inaccuracies 
end  require  review  for  future  work. 


(5)  The  low  power  pulse  generator  of  frequency 
range  3-30  MHz  provided  a  useful  auxiliary  method 
of  teat  for  initial  coantieeioning  of  the  instru¬ 
mentation,  for  measuring  coupling  between  cables 
and  for  investigation  of  aircraft  resonances. 

(6)  Good  agreement  was  obtained  between 
measurement  and  calculation  of  current  densi¬ 
ties  in  the  fuselage  and  wings. 

(7)  The  degree  of  penetration  of  current  and 
magnetic  field  into  equipment  bays  was  assessed 
and  also  tbs  dependence  of  these  on  the  degree 
of  contact  around  tbs  door  edges.  It  was 
shown  that  the  conducting  door  gasket  prevented 
direct  flux  penetration. 

(8)  A  wide  variety  of  waveforms  was  experienced, 
both  LF  and  HF,  and  indicating  coupling  of  the 
resistive,  inductive  ahd>  capacitive  type. 
Application  of  test  currents  in  the  3,4  to  8  MHz 
range  indicated  a  principal  resonance  of  the  air¬ 
craft  and  return  current  conductors  of  about 

3.5  MHz.  With  the  CLSU  pulse  generator,  oscilla¬ 
tions  in  skin  current  and  electrical  field  were 
mainly  at  5  MHz;  this  higher  figure  can  be 
accounted  for  by  the  modifying  effect  of  the  lower 
impedance  of  the  CLSU  pulse  generator.  Zt  is  of 
interest  that  calculation  of  the  natural  modes  of 
electrical  oscillation  of  the  Jaguar  in  free 
flight  by  the  'stick  model'  method  gives  the 
following  values  for  the  first  eight  resonant 
frequencies:  6.5,  10.2,  18,1,  26.4,  30.2,  31.1, 
38.1  and  44.3  MHz.  Measured  HF  oscillations  in 
the  FCS  Mrs  complex,  but  frequencies  of  5  MHz 
and  2  MHz  ware  most  common.  The  amplitudes  and 
waveforms  obtsined  have  been  a  basis  for  formu¬ 
lating  tests  on  FCS  equipments. 

(9)  With  reference  to  the  validity  of  the  simu¬ 
lation,  although  the  current  return  conductors 
for  the  test  pulse  were  designed  to  cause  the 
magnetic  field  distribution  to  approximate  to 
that  in  flight,  thara  were  still  significant 
differences  between  thA  two  situations,  such  as 
ths  driving  voltage  end  impedance  of  the  pulse 
generator,  proximity  of  the  aircraft  to  earth, 
and  spurious  HF  oscillations  characteristic  of 
ths  switch  in  ths  pules  generator.  The  question 
of  better  simulation  of  the  electrical  field 
requires  further  work  (see  for  example  Kefs  3 
and  5),  as  does  obtaining  s  mors  representative 
relative  timing  of  tbs  peaks  of  currant,  rats  of 
change  of  currant,  and  electrical  field. 
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Table  2  -  Bulk  cable  currents 


Extrapolated  full 

HF  frequency 

Cable  and 

threat  peak  current  (A) 

and  Q  factor 

test  condition 

LF 

HF 

MHz 

Q 

Waveform 

Figure 


FCC2  -  J1  N-T 
J2  N-T 
J3  N-T 
J4  N-T(P) 

FCC4  -  J2  N-T(P) 
J4  N-T(P) 

ADMC2  -  J1  N-T 
J2  N-F 


V/UHF  Aerial 
Feeder* 


N-T 


N-F 


Cockpit 

Loom 
<3  cables) 


Whole  N-T 
1  cable  N-T 


3.0 

Zero 

15.0 

Zero 

Zero 

16.5 

Zero 

Zero 

1100 

800 

800 

240 


No  reliable  measurament 


1.5 

3.0 

3.0 

2.0 

1.25 

1.0 

2.25 

NT 

350 

100 

30 


5.2 

2.3 
2.5 


11 

4 

6 


3d 


Spread  in  range  1-15  Mir 


1.3 

8 

10 

NT 

5.5 

NT 

NT 

5.3 

15 

6 

22 

N-T  Nose-Tail  N-F  Nose-Fin  N-T(P)  Nose-Tail  (Power  on) 
NT  Not  tested 

*  The  V/UHF  aerial  was  the  fin  tip  attachment  point 
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Key:  A  *  Attenuator 

Tx  »  Fibre  optic  transmitter 
Rx  *  Fibre  optic  receiver 
M  a  Storage  oscilloscope 
CjJ  a  Camera 


C  =  Bulk  current  detector  (R.A.E) 
+-♦-+•3  Fibre  optic  link 
0  3  Diagnostic  circuits 
S.U.3  Switching  unit 
^  a  Aircraft  skin 


Fig  1  Dummy  computers,  voltage  and  current  monitoring  systems 
Fig  2  Current  densities 


Fig  3  Waveforms  of  transient  voltages  and  currents 


Fig  4  Bulk  current  (time  and  frequency  domains)  in  ADMC2-02  (40  kV  bank  voltage) 
Fig  5  E  and  E  on  spine  for  pulse  Ml -14  (40  kV  bank  voltage) 


Fig  6  Frequency  response  of  keel  sensor  current  relative  to  nose  current 
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ABSTRACT 

Although  the  possibility  of  aircraft-triggered  lightning  is  generally  acknowl¬ 
edged,  the  mechanism  remains  unclear.  Corona,  which  develops  at  suitable  sites, 
either  as  a  result  of  turboelectric  charging,  geometric  field  enhancement  or  both, 
must  represent  the  early  stage  of  a  process  which  culminates  in  the  transformation 
of  corona  streamers  into  a  leader.  Recent  work  on  breakdown  in  short  point-plane 
gaps  suggests  that  the  glow-to-arc  transition  is  promoted  once  asms  (minimum) 
criterion  is  attained.  This  criterion  may  be  current  (Marode  1974)  or  energy 
(Sigmond/Goldman  1981)  dependent  although  these  parameters  are  not  mutually  exclu¬ 
sive. 

An  important  feature  of  the  corona  at  aircraft  surfaces  is  the  potentially 
large  distance  over  which  the  streamers  may  propagate.  This  is  a  consequence  of 
the  electric  field  structure  which  resembles  a  locally  enhanced  quasi-uniform 
field  rather  than  the  strongly  divergent  fields  associated  with  highly  stressed 
point  or  rod/plane  gaps.  In  the  latter  case  prebreakdown  currents  may  rise  to 
several  amperes  in  a  few  microseconds  thus  ensuring  the  requiaita  glow-to-arc 
transition  on  which  the  conversion  of  the  corona  streamer  to  leader  depends.  Air¬ 
craft  potentials  can  never  achieve  the  megavolt  potentials  required  for  such 
immense  currents  because  of  the  dlsslpatory  nature  of  the  initial  corona  and  the 
low  charging  ratea  produced  by  the  triboelectrlc  or  other  process,  Positive 
corona  streamers,  however,  can  contiuue  to  grow  if  propagating  in  a  uniform  field 
greater  than  some  critical,  pressure-dependent  value;  these  critical  values  have 
been  observed  on  a  large  scale  in  thunderclouds  and  may  wall  exist  in  relatively 
small  volumes  in  regions  where  the  average  field  is  less  than  critical.  This 
growth  provides  a  possible  means  of  achieving  the  current  densities  required  fur 
the  Important  glow-to-arc  transition. 

Current  measurements  made  in  an  electrode  configuration  designed  to  simulate 
corona  growth  in  uniform  fields  will  be  reported.  The  injected  charge  end  a 
knowledge  of  the  ambient  electric  field  allow  breakdown  energies  to  be  computed. 
These  breakdown  currents  and  associated  energies  will  be  compared  with  those 
obtained  by  Marode,  Slgmond  and  Goldman  in  point-plane  geometry.  A  possible  model 
of  aircraft-triggered  lightning  based  on  the  comparison  will  be  presented. 


This  paper  was  not  available  for  incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 


ADP002196 

INTRACLOU 0  LIGHTNING  STREAMER  MODELING  BASED 
UPON  IN  SITU  BALLOON  MEASURB1ENTS 

G.  J.  Byrne,  A.  A.  Few,  M.  E.  Weber*,  end  M.  F.  Stewart 

Department  of  Space  Phyaice  and  Aatronony 
Rice  University 
Uueton,  Texas  77251 


5*>opoo 


ABSTRACT 


Intracloud  lightning  streamers  have  been  modeled  from  balloon-borne  electric 
field  change  measurements  and  acoustic  ruconstructions  of  the  lightning  channel  to 
approximate  the  streamer  path.  The  simple  model  assumes  the  streamers  extend  along 
a  straight  line  with  constatnC.  velocity  and  uniform  line  charge  concentration, 
positive  end  negative  pwlarlty\st reamers  were  measured  with  floaverage  velocity  and 
line  charge  concentration  &.(5. 3  x  10^)  dOP and  6 . 7  x  10~^  CM~^  respectively. 

A  lightning-struck  balloon  measured  field  changasTassoclated  with  the  positive 
propagating  streamer  that  coupled  to  the  conducting  balloon  skin.  The  first 
results  of  these  measurements  are  presented.  The  model  for  this  streamer  based  on 
the  balloon  data  is  incomplete  at  the  time  of  this  witingy-^ 
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*  Now  at  Naval  Research  Laboratory,  Washington,  D.  C. 
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FREE  BALLOONS  designed  to  measure  thunderstorm 
vector  electric  fields  and  vector  electric  field 
changes  associated  with  lightning  streamers  were 
launched  during  the  summers  of  1976  and  1981 
by  Rice  University  participating  in  the  Thunder¬ 
storm  Research  International  Program  (TRIP) 
at  the  Langmuir  Laboratory  for  Atmospheric 
Research,  New  Mexico.  During  the  1981  flight, 
the  balloon,  constructed  of  aluminum  coated 
mylar  and  10  ft.  in  diameter,  was  struck  by  a 
lightning  flash  artificially  triggered  by  a 
rocket  fired  toward  the  thunderstorm  base.  The 
Instrument  resolved  field  changes  associated 
with  the  initial  lightning  streamer  revealing 
information  on  the  streamer  propagation. 

This  paper  presents  the  first  results  from 
that  data  analysis  and  recent  results  of  model¬ 
ing  Intracloud  streamers  with  the  1976  data. 

INSTRUMENTS 

The  operation  of  the  balloon,  Balloon  Elec¬ 
tric  Field  Sensor  (BEFS),  is  described  in  detail 
by  Christian  and  Few  (1)*  and  Weber  et  al.  (2) 
and  is  shown  at  launch  in  Fig,  1.  It  is  spher¬ 
ical  in  shape  with  a  thin  conducting  outer 
skin.  Three  pairs  of  orthogonal  surface  patches 
(.23  m2)  are  Isolated  from  the  rest  of  the  bal¬ 
loon  skin  and  define  the  balloon  coordinate 
axes.  Each  patch  is  electrically  connected  to 
the  electronics  payload  inserted  Inside  the  bal¬ 
loon  at  its  base.  Charge  amplifiers  msasure  the 
amount  of  surface  charge  on  each  patch.  Given 
the  surface  charge  distribution  Induced  by  the 
thunderstorm  electric  field,  assumed  to  be  uni¬ 
form,  the  solution  for  the  undlstorted  vector 
electric  field  components  in  the  balloon  refer¬ 
ence  frame  is  well  known  for  such  a  geometry. 

Onboard  inclinometers  and  magnetometers 
determine  the  orientetiou  of  the  balloon  in 
space  giving  the  elements  of  the  matrix  which 
provides  the  transformation  from  the  balloon 
coordinates  to  a  stationary  earth  frame.  The 
values  of  the  electric  field  components  calcu¬ 
lated  in  this  manner  are  than  averaged  over  one 
period  of  the  balloon  rotation  about  its  verti¬ 
cal  axis;  the  rotation  forced  by  spin  paddles 
mounted  on  the  balloon's  equator. 

The  instrument  is  capable  of  resolving 
vector  electric  field  changes  on  the  order  of 
100  V/m.  The  time  resolution  of  each  component 
is  either  2  or  4  ms,  and  is  limited  by  the  rate 
at  which  each  charge  sensor  is  sampled  and  is  a 
function  of  the  sampling  sequence. 

Altitude  and  atmospheric  temperature  are 
determined  by  an  onboard  pressure  transducer  and 
a  thermistor.  The  data  from  each  sensor  is 
digitally  encoded,  multiplexed  and  telemetered 
to  a  ground  receiving  station. 

STREAKER  MODELING 

From  a  BEFS  flight  on  August  12,  1976  over 
Langmuir  Laboratory,  Weber  et  al.  (2)  were  euc- 

tMumbers  lu  parentheses  designate  References  at 
end  of  paper. 


easeful  in  modeling  intracloud  lightning > stream¬ 
ers  by  interpreting  the  balloon-measured^  field 
changes  (with  sn  8  ms  resolution)  as  the  effect 
.of  extending,  unipolar  streamers  of  constant 
line  charge  concentration  as  did  Cgawa  and  Brook 
(3).  Figure  2  illustrates  the  model. 

The  orientation  and  extent  of  the  lightning 
channel  is  estimated  from  acoustic  reconstruc¬ 
tions  of  thunder  sources  (4).  The  streamer  path 
is  then  approximated  as  the  straight  line  that 
minimises  the  sum  of  the  perpendicular  distances 
from  the  line  to  the  thunder  sources  and  that 
connects  a  source  volume  charge  with  the 
streamer  termination  point. 

The  balloon  coordinates  are  provided  by  a 
directional  receiving  antenna  (AN/GMD-2)  and  the 
atmospheric  pressure  measurement. 

Usually,  the  streamer  polarity  and  direc¬ 
tion  of  propagation  are  clear  from  the  basic 
structure  of  the  vector  field  changes.  To  com¬ 
plete  the  streamer  modal,  the  line  charge  con¬ 
centration  and  propagation  velocity  chosen  are 
those  that  yield  the  best  fit  of  the  calculated 
vector  field  changes  to  those  measured  by  the 
balloon. 

Figure  3a  illustrates  the  lightning  channel 
reconstruction,  model  streamer  path  and  tha  vec¬ 
tor  electric  field  changes  for  the  lightning 
flash  at  11:54 i 15  MST.  A  positive  streamer, 
estimated  to  be  3. 8  km  in  length,  propagated  in 
the  direction  indicated  with  an  estimated  velo¬ 
city  of  2.3  *  lO11  ms'1  and  line  charge  concen¬ 
tration  of  4.9  x  lCT3  Cm”1.  Using  these  model 
parameters,  the  streamer  current  was  110  Amperes 
and  total  charge  transferred  was  18  Coulombs. 

Figure  3b  shows  the  streamer  model  of  the 
flash  at  11:52:33  MST,  In  this  case  streamers 
of  either  polarity  could  reasonably  fit  the 
observed  field  changes;  a  4. 1  km  positive 
streamer  of  14.4  x  1CT3  Cm"1  (580  Amperes)  mov¬ 
ing  st  4  x  10"  ms"1  in  Model  1  or  s  negative 
streamer  of  -5. 7  x  10~3  Cm"1  (230  Amperes)  mov¬ 
ing  at  4  x  10"  ms"1  in  Modal  2. 

Of  the  seven  streamers  modeled  from  this 
flight,  the  average  propagation  velocity  was 
5. 3  x  10"  ms"1  and  average  length  was  4.7  km. 
Streamers  of  both  polarity  were  found  with  an 
average  absolute  line  charge  concentration  of 
6.7  x  10"3  Os-1 ,  and  average  current  and  net 
charge  transferred  of  390  Amperes  and  30  Cou¬ 
lombs,  respectively. 

TRIP  81  RESULTS 

In  1981,  a  BEFS  was  launched  Into  a  thun¬ 
derstorm  on  August  14  at  13:35  MST.  Tits  launch 
site  Is  at  3.2  km  altitude.  Eight  minutes  after 
launch  (13:43:13  MST),  tha  balloon  was  struck  by 
a  lightning  flash  artificially  triggered  as  a 
rocket  was  fired  from  the  ground  toward  the 
thunderstorm  base.  A  rapidly  unspooling  con¬ 
ducting  wire  connected  the  rocket  to  ground. 
Triggered  lightning  is  discussed  by  Newman  at 
al.  (5),  Fieux  et  al.  (6),  and  Hubert  and  Nougat 
(7). 

In  triggered  lightning,  a  streamer  starts 
at  the  rocket  wire  tip  when  thj  local  field 


enhancement  reaches  the  threshold  for  streamer 
Initiation  (rocket  height  of  100-300  m).  The 
at  reamer  "slowly"  propagates  upward  toward  a 
cloud  charge  region  which  is  subsequently  dis¬ 
charged  by  the  ensuing  very  fast  return  stroke. 

Ground  measurements  by  Laroche  at  al.  (8) 
indicate  the  flash  at  (13:43:13)  was  initiated 
by'  an  upward  propagating  positive  streamer. 
Figure  4  illustrates  this  and  the  location  of 
the  balloon  relative  to  the  rocket  launch  site. 
The  balloon  was  1.6  km  south  southeast  and 
1.6  km  above  (4.8  km  altitude;  0*  C)  the  rocket 
site  and  immediately  below  the  cloud  base.  The 
balloon  measured  the  magnitude  of  the  electric 
field  at  this  altitude  prior  to  the  flash  to  be 
approximately  100  kV/m.  The  direction  of  the 
field  vector  indicated  a  negative  charge  center 
was  above  and  to  the  south. 

Figure  5  shows  the  horixontal  components  of 
the  vector  electric  field  changes  associated 
with  the  initial  lightning  streamer  as  measured 
by  the  balloon.  The  vertical  field  change  was 
relatively  small  compared  to  those  in  the  hori¬ 
zontal.  The  trends  of  the  field  changes  are 
consistent  with  a  positive  streamer  propagating 
mostly  horizontally  and  southeast  toward  the 
balloon. 

A  ground  electric  field  record  Indicates 
the  streamer  was  initiated  at  the  rocket  at  13 
hours,  43  minutes,  13  seconds  and  307  ms  MST 
(9).  The  first  resolved  field  change  (100  V/m) 
measured  by  the  balloon  occurred  at  316  ms.  By 
348  ms,  the  absolute  value  of  the  north-south 
component  (By)  had  increased  by  approximately 
50  kV/m  and  by  349  as,  the  absolute  value  of  the 
east-west  component  (Eg)  had  incraaed  by  90  kV/m 
before  data  telemetry  was  lost  at  351  ms.  We 
assume  the  telemetry  loee  coincides  with  either 
the  time  at  which  the  streamer  coupled  with  Che 
balloon  or  the  time  of  the  lightning  return 
stroke.  In  either  caee,  the  maximum  time 
alapaed  between  the  etreamer  initiation  at  tha 
rockat  and  tha  coupling  to  the  balloon  was 
approximately  44  ms. 

Unfortunately,  tha  acoustic  reconstruc¬ 
tion  of  this  flesh  necesssry  for  modeling  the 
streamer  path,  is  unavailable  at  the  time  of 
this  writing.  However,  the  case  of  streamer 
propagation  along  a  straight  line  from  the 
initiation  point  to  the  balloon  glvea  tha 
minimum  etreamer  velocity  of  approximately 
5.0  x  104  me'1. 

SUMMARY 

Seven  intracloud  lightning  streamers  have 
boen  modeled  successfully  from  the  1976  BKFS 
date.  The  estimated  streamer  velocities  ranged 
from  2.3  *  104  ms'1  to  15.4  x  104  ms'1  with  the 
mean  velocity  5.3  x  104  ms'1.  Thasa  measure¬ 
ments  are  consistent  with  those  determined  by 
Ishakawa  (10);  (5  «  104  me'1),  Taylor  (11); 
1.5  x  io4  to  1  x  io5  me'1),  and  Proctor  (12); 
6  x  io4  to  5  x  ms'1).  Ths  absoluta  value  of 
tha  current  in  tha  modeled  streamers  rengsd  from 
70  to  1530  Amperes  (average  390  A)  with  an  aver¬ 
age  line  charge  concentration  of  6.7  x  io'3  Cm'1 


compared ‘to  Ogawa  and  Brook  (i20  A)  and  Proctor 
(90  to  400  A). 

The  Weber  et  al.  models  suggest  that  intra¬ 
cloud  streamers  of  both  polarity  occur  and  that 
negative  streamers  may  bu  fairly  common  (four 
ware  positive,  two  negative  r<nd„  one  could  be 
modeled  positive  or  negative).  This  is  in  con¬ 
trast  to  the  conclusions  of  Ogawa  and  Brook  and 
to  tha  fact  that  since  positive  streamers  can 
propagate  In  substantially  lower  fields  than 
negative  ones,  they  would  seem  to  be  much  more 
likely  to  initiate  lightning  (13). 

The  rockat  triggered  flash  of  1981  was 
determined  to  have  an  Initial  positive  streamer 
velocity  of  et  least  5  x  104  me'1.  Triggered 
lightning  streamers  have  been  photographi¬ 
cally  determined  to  have  velocities  between 
2  x  104  me'1  and  10s  ms'1  (14).  We  hope  to 
obtain  an  acoustic  reconstruction  of  this  flash 
in  the  nesr  future  in  ordar  to  proceed  with 
modeling  the  etreamer  based  on  the  balloon  field 
data. 

This  lightning  struck  balloon  flight  may 
afford  a  unique  opportunity  to  model  tha  influ¬ 
ence  of  an  airborne  conductor  on  streamer  propa¬ 
gation  and  the  path  of  tha  enaulng  lightning 
atroka  as  wall  as  tha  coupling  mechanism  between 
the  streamer  and  conductor. 
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Fig.  3*  —  Lightning  channel  reconstruction  nod 
measured  and  . calculated  electric  fluid  changes 
for  the  flash  at  11:34:15  MSI.  Plotted  ere: 
(1)  Modal  lightning  channel  relative  to  a  coor¬ 
dinate  eye tea  with  origin  at  langaulr  labora¬ 
tory.  Asterisks  denote  reconstructed  thunder 
sources.  Open  circles  are  source  and  termina¬ 
tion  points  for  the  model  streamer;  arrowhead 


Fig.  2  —  A  nodal  to  Interpret  electric  field 
changes  during  Intracloud  lightning.  Charge  is 
withdrawn  from  a  spherical  volume  centered  at 
coordinates  ,  and  distributed  unlforaly  along 
the  line  X^-S^ .  At  tine  t,  this  "streamer1*  has 
advanced  a  distance  1  m  vt  Where  v  is  the  con¬ 
stant  velocity  of  propagation  for  the  "stream¬ 
er,**  The  electric  field  change  at  the  balloon’s 
position  *3  results  from  this  line  charge  and 
fron  the  withdrawal  of  charge  iron  the  source 
volume. 
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gives  propagation  direction,  harkened  circle  Is 
the  balloon's  position  at  the  time  of  the  dis¬ 
charge.  (2)  Calculated  electric  field  changes 
(solid  lines);  measured  electric  field  changes 
(X  characters  -  spacing  reflscts  digital 
sampling  rate).  In  the  stationary  coordinate 
f rests  the  -bt  axis  points  east.  4y  north  and  4* 
upwards. 
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Fig.  3b  —  Sam  as  Fig.  3a  for  tha  flash  at 
11:52:33  for  a  poaitiva  atraaaar  (Modal  1)  or 
nagativa  straanar  (Modal  2). 


+ V/  WITIVC  STREAMER 


MXX£T  WITH  OROUNOCD  WIRE 


1ft  KM 


jfc 


BALLOON 


I  Fig.  4  —  Position  of  tha  balloon  ralativa  to  tha 

1ft  KM  vockat  launch  aita  at  tha  tiaa  of  tha  lightning 
triggar.  Tha  ganaral  location  of  tha  nagativa 
charga  cantor  is  infarrad  from  tha  balloon  fiald 
racord.  Tha  total  fiald  vactor  and  tba  vortical 
and  horlsontal  fiald  coaponants  ara  shown  by 
arrows. 
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Fig.  5  —  The  change#  in  the  absolute  value  of 
the  east-west  electric  field  component  (AE*)  and 
north-south  fiald  component  (AEy)  with  time  due 
to  a  positive  streamer  propagating  toward  the 
balloon.  The  streamer  was  initiated  at  t  -  0  ms 
( : 307  ms).  Telemetry  was  lost  at  t  -  44  as 
< : 351  as). 


Range."  J.  Geophys.  Res.,  72,  4761-4764,  1967. 

6.  R.  Fieux,  C.  Gary,  and  P.  Hubert, 
"Artificial  Triggering  of  Lightning  Above 
Ground.”  Nature,  257,  212-214,  1975. 

7.  P.  Hubert  and  G.  Mouget,  "Return  Stroke 
Velocity  Measurements  in  Two  Triggered  Lightning 
Flashes."  J.  Geophys.  Res.,  86,  5253-5261, 
1981. 

8.  P.  Laroche,  P.  Hubert,  and  A.  Eybert- 
Bererd,  "Triggered  Lightning  ‘Fleshes  at  TRIP 
81:  First  Results."  Paper  presented  at  AGU 
Heating,  San  Francisco,  December  7-11,  1981. 

9.  Courtesy  of  C.  B.  Moore,  New  Mexico 
Institute  of  Mining  and  Technology. 

10.  H.  Ishikawa ,  "Nature  of  Lightning  Dis¬ 
charges  as  origins  of  Atmospherics."  Proc.  Res. 
Inst,  Atmos.,  Nagoya  univ.  8A,  1-274,  1961. 

11.  W.  L.  Taylor,  "A  VHP  Technique  for 
Space-Time  Mapping  of  lightning  Discharge  Pro¬ 
cesses  J,  Geophys.  Rea.,  83,  3575-3583,  1978. 

12.  D.  E.  Proctor,  "VHF  Radio  Pictures  of 
Cloud  Flashes."  J.  Geophys,  Ran.,  86,  4041- 
4071,  1981. 

13.  J.  Latham,  "The  Electrification  of 
Thunderstorms."  Quart.  J.  Roy.  Mst.  Soc.,  107, 
277-298,  1981. 

14.  J.  L.  Boulay  and  F.  Laroche,  "General 
Presentation  of  the  ONRRA  Lightning  Research 
Program."  Paper  presented  at  AGU  Masting,  San 
Francisco,  December  7-11,  1981. 


(  8DP002191? 


PROPAGATION  OF  DISCHARGE  CHANNEL  INSIDE  THE  CLOUD 

P.  P.  Pathak,  J.  Rai  and  N.C.  Varshneya 
Physics  Departaent 
University  of  Roorkee 
Roorkee  -24767  (U.P.) 

India 


ABSTRACT 

V. 

A  aachanisa  for  propagation  of  discharge  channel  inside  the  cloud  is  proposed. 
The  aachanisa  is  based  on  the  notion  of  charged  streamers  under  the  combined 
influence  of  cloud-electric  field  and  geonagnetic  field.  The  aachanisa  gives  a 
theoretical  explanation  for  various  experimental  observations  that  most  intracloud 
discharges  and  incloud  portions  of  ground  discharge  are  oriented  roughly  horizon¬ 
tally  and  are  aligned^  always)  in  the  same  direction. 
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THE  MOST  COMMONLY  OBSERVED  DISCHARGES 
are  the  intracloud  ( I C)  type.  They  con¬ 
stitute  from  60 '/.  at' kio  derate  latitudes 
to  90*/.  in  tropics,  of  total  lightning 
(1,2).  Attempts  to  determine  their  stru¬ 
cture',  though  very  few,  gave  widely 
varying  results.  From  the  earlier  attem¬ 
pts  (3-11),  no  definite  conclusion  can 
he  drawn.  Some  of  them  had  a  better  fit 
of  their  data  to  a  vertical  dipole  model 
(4-6)  while  others  getting  vertical  and 
horizontal  separation  of  charge  centers 
approximately  equal  (3).  Aacng  those  who 
found  considrable  horizontal  extent  of 
IC  channel  are  Takeuti  (6),  Workman  st 
al.  (7),  Ligda  (8),  Nakano  (9),  Stanford 
(10)  and  Hughes  (11).  Relatively  recent 
observations  of  Tber  and  Pew  (12)  and 
Brantley  et  al.  (13),  however,  conclu¬ 
sively  confirmed  that  most  IC  discharges 
are  horizontal  and  vertical  cloud-to- 
Ground  (GC)  discharges  beoome  horizon¬ 
tal  after  entering  the  cloud.  Hie  direc¬ 
tion  of  the  alignment  was  observed  to 
be  different  from  the  direction  of  mot¬ 
ion  of  thunderstorm,  in  contrary  to  the 
observation  of  Ogawa  and  Brook  (5).  This 
lead  to  an  end  of  earlier  speculation 
that  the  direction  of  alignment  is  deci¬ 
ded  by  the  direction  of  motion  of  the 
thunderstorm.  Therefore,  there  is  a 
strong  need  for  alignment  mechanism,  as 
stressed  by  Tfeer  and  Saw  (12).  Here,  a 
mechanism  of  propagation  of  discharge 
channel  inside  a  cloud  is  presented, 
which  also  explains  the  alignment  of  the 
channel. 

MECHANISM  OF  DISCHARGE 

Qualitatively,  the  mechanism  of 
discharge  has  been  explained  in  terms 
of  streamer-model  (14).  Hie  discharge 
begins  with  maall  local  discharges  at 
high  field  electrode.  Consequently  the 
luminous  pulses  of  ionisation  propagate 
towards  the  low-fi* ld-electrode.  These 
pulses  are  named  as  primary  streamers 
(15).  The  primary  streamers  propagate 
in  groups,  to  form  a  narrow  luminous 
channel  termed  as  secondary  streamer 
(15).  The  secondary  streamer  carries 
the  potential  of  high  field  electrode 
and  therefore,  it  produces  a  very  strong 
field  when  reaches  near  the  other  eleo- 
trode.  As  a  result,  a  return  stroke  sta¬ 
rts  from  there,  rendering  the  discharge 
channel  highly  conducting.  Hie  return 
stroke,  which  may  be  called  as  resultant 
'secondary  streamer,  also  consists  of  pri¬ 
mary  streamers  of  opposite  polarity  and 
having  speeds  orders  of  magnitude  higher 
than  the  primary  streamers  of  previous 
secondary  streamer. 

In  general,  the  above  terminology 
is  not  used  in  lightning  re  Be  arch.  Ther¬ 
efore,  for  convinlence,  in  the  following 
text,  the  word  streamer  will  be  reserved 
for  above  mentioned  primary  streamers 


and,  the  secondary  streamers  will  be 
called  as  1  channel For  the  study  of 
channel  properties  and  its  orientation, 
the  motion  of  streamers  is  need  be  con¬ 
sidered  in  detail. 

MOTION  OF  STREAMERS  -  Streamer  is 
a  bunoh  of  charges  and  it  can  be  conai- 
derea  as  a  single  body  for  propagation 
study  (15).  Hie  velocity  of  streamers 
depends  on  strength  of  fields  and  the 
gaseous  pressure  in  the  medium.  The  two 
types  of  streamers  -  positive  and  nega¬ 
tive,  have  wide  difference  in  their  pro¬ 
pagation  characteristics.  Hie  positive 
streamers  are  faster  and  more  vigorous 
than  the  negative  ones.  Also,  the  nega¬ 
tive  streamers  are  quinched  after  propa¬ 
gating  s&all  distances  while  positive 
ones  propagate  large  distances.  Hie  aver¬ 
age  charge  on  both  types  of  streamers  is 
known  to  be  of  order  of  tens  of  pico cou¬ 
lombs  and  their  radii  of  order  of  tens 
of  microns. 

In  the  oase  of  lightning  discharge, 
the  conditions  in  which  the  streamers 
move,  vary  with  time  and  space.  For  exa¬ 
mple,  the  negative  streamers  in  the  ste¬ 
pped  leader  start  from  high  field  and 
more  towards  low  field  region  (i.e.  towa¬ 
rds  the  ground).  As  they  progress  towar¬ 
ds  the  ground,  the  potential  gradient 
between  the  tip  of  ohannel  and  the  grou¬ 
nd  goes  on  increasing.  Hie  surrounding 
atmospheric  pressure  also  increases  as 
it  propagates  to  lower  levels.  Reverse 
is  true  in  the  case  of  return  stroke, 
where  the  streamers  start  in  a  very  high 
field  which  goes  on  reducing  as  the  oha¬ 
nnel  propagates  upward.  After  entering 
the  cloud  they  reach  in  the  region  of 
low  and  variable  fields  (16).  Alongwith 
these  variable  electrical  fields,  there 
exists  a  geomagnetic  field.  Hie  geomag¬ 
netic  field,  though  weak,  is  likely  to 
influence  the  motion  of  streamers  when 
the  electrical  fields  are  low  and  the 
two  forces  are  comparable.  In  the  next 
section,  the  combined  influence  of  elec¬ 
trical  and  geomagnetic  field  is  consi¬ 
dered. 

MOTION  OF  STREAMERS  UNB5R  ELECTRIC 
AND  MAGNETIC_FIBLDS  -  In  presence  of  mag¬ 
netic  field  B,  a  streamer  of  mass  m  and 
charge  q  experiences  a  Lorentz  force 

?  =  q[£  +  v  X  B]  (1) 

where  v  is  the  streamer  velocity  and  £ 
is  the  electric  field*  Due  to  this  foroe 
the  streamer  starts  gyrating  and  moves 
in  a  helical  path,  around  the  magnetic 
field  line,  with  radius 

mv. 

*  qOHjl  VXS)  (2) 

and  Bj_  being  the  components  of  v  and 
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E  respectively,  in  the  direction  normal 
to  B.  Equation  (2)  shows  that  the  strea¬ 
mers,  with  different  mass,  charge  and 
velocity  components,  have  different 
radius  of  gyration.  All  of  them,  however 
gyrate  around  identical  axis  of  helix. 

The  channel  therefore,  propagates  along 
the  magnetic  field  line.  Apparent  radius 
of  the  channel  is  approximately  the  maxi¬ 
mum  value  of  fig  (Pig.  1)  i.e.  the  radius 
of  gyration  oz  heaviest  streamers  with 
smallest,  q.  She  combination  however,  Is 
not  true.  She  streamers  consist  of  cha¬ 
nged  particles  and  ions,  the  heavier 
streamers  ought  to  have  more  charge. 

Thus  the  values  are  to  be  optimised  some¬ 
where. 

HB  SUITS  AND  DISCUSSIONS 

It  is  difficult  to  evaluate  the 
radiue  Jig,  with  accuracy  as  the  streamer 
parameters  m,  q,  v  are  not  precisely 
known.  A  rough  estimate  may  however  be 
made  from  the  values  of  ion  density. Loeb 
(15)  has  given  some  representative  val¬ 
ues  of  ion  density  (see  Table  3.3  of  his 
book).  3« 5*10°  Ions  consisting  of  few 
protons  and  neutrons  have  a  mass  of  or¬ 
der  of  10“17  kg  and  charge  of  order  of 
10“iO  coulomb  (if  singly  ionised).  The 
velocity  component  vA  is  expected  to  be 
a  fraction  of  tip  velocity  6x10 5  ms""1. 

If  e,_the  angle  between  v  and  E  is  large 
v*.  c  v  sine  is  of  the  same  order  as 
v  (*~105  m s“l ) .  With  B  =  3x10 "5  weber 
m"'L  and  B  very  small  (say *-'*'100  V/m  in 
some  parte  of  cloud)  llr  comes  out  to  be 
about  300  m,  similar  to  the  observed 
value  (I3).  Die  values  of  parameters, 
as  taken  above,  are  quite  arbitrary  and 
variable.  Por  example  some  measurements 
(17,18)  show  that  the  charge  on  strea¬ 
mers  cannot  exceed  more  than  few  tens 
of  pioo coulombs.  The  tip  velocity  in  the 
case  of  return  stroke  is  very  high(l4). 
Also,  the  angle  0  in  higher  latitudes 
is  Email  which  reduces  the  component  v 
of  velocity.  Taking  all  these  factors 
into  acoount  one  can  see  that  Dg  can 
exceed  even  more  than  few  kilometere. 

Die  orientation  of  the  channel  is 
along  the  geomagnetic  field  line.  In 
low  latitudes  the  geomagnetic  field  io 
nearly  horizontal  in  north-south  direc¬ 
tion.  Observations  of  intracloud  light¬ 
nings  listed  .In  first  para  above,  have 
not  recorded  the  actual  direction  of 
horizontal  channels.  Although  from  the 
report  of  Tear  and  Pew  (12)  it  is  evi- 
deni  that  the  channels  were  aligned  in 
north-south  direction.  Diey  have  stated, 
"tfiio  horizontal  portions  of  all  channels 
are  aligned  perpendicular  to  etoxm  mot- 
ionH  and  the  storm  motion  was  reported 
to  be  from  east  to  west.  Similarly  Ogawa 
and  Brook  (5)  reported  the  direction  of 


horizontal  intracloud  channel  to  be  in 
the  direction  of  storm  motion,  and  the 
storm  motion  was  in  nearly  north-south 
direction.  More  recent  and  detailed  ana¬ 
lysis  (19,20)  shows  maximum  spreading 
of  accoustically  reconstructed  channels 
in  north-south  direction.  Die  he  observa¬ 
tions  clearly  ehow  the  maximum  speeding 
in  north-south  direction.  Hence  it  shou¬ 
ld  be  noted  that  the  direction  of  the 
channel  alignment  is  not  related  to  the 
direction  of  movement  of  the  storm.,;' a« 
has  been  often  speculated.  Die  horizon¬ 
tal  stretching  of  the  storm, making  the 
electric  field  §  more  inclined  to  ver¬ 
tical  may  affect  the  dimensions  of  the 
channel  by  reducing  Bi.  But  it  ie  not 
expected  to  affect  the  direction  of 
alignment  of  the  channel. 

Die  length  of  horizontal  channel 
depends  upon  the  charge  distribution 
inside  the  cloud  while  the  hieght,  at 
which  it  becomes  horizontal,  depends 
upon  cloud  hieght  and  on  the  structure 
of  vertical  field.  Die  horizontal  bran¬ 
ching  from  the  vertical  channel  starts 
only  where  the  vertical  electrioal  field 
reduces  to  the  value  low  enough  to  make 
the  magnetic  and  electrioal  foroe  on  the 
streamer,  comparable.  The  horizontal 
branching  from  the  vertical  channel  can 
not  be  seen  outside  the  cloud  because 
of  the  following  reasons:  (i)  The  strong 
circular  magnetic  field  of  the  ohaJmel 
ourrent  does  not  allow  any  horizontal 
motion  of  charges  (see  Pinch  effect  in 
ref.  21),  (ii)  Vertical  electrical  field 
outside  the  cloud  is  very  large.  So  the 
electrical  force  ie  a  many  orders  of 
magnitudes  higher  than  the  geomagnetic 
force,  (lii)  Due  to  Idle  lack  of  suffi¬ 
cient  charges  in  the  air,  outside  the 
leader  channel,  the  streamer  cannot 
propagate  large  distance e  horizontally. 

However,  inside  the  cloud  where 
electrioal  fields  are  email  (16),  whole 
charnel  starts  gyrating  with  0-component 
of  velocity  as  drift  velocity.  The  mag¬ 
netic  field  due  to  this  circular  current 
ir  added  to  the  geomagnetic  field.  Dais 
gives  an  additional  magnetic  force  in 
perpendicular  plane  to  reduce  JU.  Thus 
the  vertical  channel  becomes  horizontal 
after  entering  the  cloud. 

The  experimental  determination  of 
the  length  in  horizontal  direction  by 
optical  methods  cannot  be  expected  to 
give  actual  values  unless  the  location 
of  the  observation  point  is  properly 
chosen.  Ae  we  see  that  the  orientation 
of  the  channel  is  in  north-south  direc¬ 
tion,  full  length  of  the  channel  can  be 
photographed  only  if  It  is  perpendicular 
to  the  viewing  direction.  Sbr  this  pur¬ 
pose  the  observation  point  should  be 
located  in  the  eaet  or  west  from  the 
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storm.  If  the  atom  is  in  far  north  or 
south  from  the  observation  point,  the 
horizontal  extent  photographed  would  be 
only  the  diameter  of  the  ohannel  i.  e. 

2  Bg,  which  would  not  exceed  more  than 
a  kilometer  and  its  alignment  would  seem 
to  be  in  east-west  direction,  Also,  the 
horizontal  extent  and  the  vertical  ext¬ 
ent  would  be  nearly  Bame,  as  observed  by 
Benolds  and  Neil  (3).  It  is  therefore, 
strongly  anticipated  that  any  optical 
observations  for  proper  conclusions  abo¬ 
ut  the  horizontal  extent  of  the  channels 
should  be  done  from  the  enet  or  west 
direction  from  the  thundercloud. 

The  acoustic  observations,  however, 
do  not  involve  auch  type  of  difficulty. 
Such  observations  (9,12,13,19, 20)  give 
more  realistic  situation  and  they  are 
in  accordance  with  this  theory. 

The  orientation  of  channel  inside 
the  cloud  is  along  the  geomagnetio  field. 
Therefore,  ite  inclination  to  horizon¬ 
tal  varies  with  the  latitude  of  the 
place  of  observation.  In  low  latitudes* 
where  magnetic  field  is  horizontal,  the 
channel  would  be  horizontal*  In  higher 
latitudee.it  would  be  inclined  to  the 
horizontal  by  an  angle  1  -  the  dip  angle. 
At  the  magnetic  poles  (a  -  «/2)  the  int¬ 
racloud  lightning  would  also  be  vertical 
and  cloud- to -ground  lightning  would  re¬ 
main  vertical  even  after  entering  the 
cloud. 

However,  there  might  be  some  cases 
of  a  general  orientation  of  incloud  por¬ 
tions  of  the  vertical  channel.  VIhen  the 
streamer  parameters  are  such  (e.g.  larg¬ 
er  m  and  smaller  q),  that  the  value  of 
Ea  is  extremely  large,  say,  of  the  order 
or  few  kilometers,  one  single  helix  of 
gyration  is  not  oompleted.  This  makes 
the  channel  to  appear  ae  curved  in  ver¬ 
tical  plane  and  in  east-west  direction 
(i.e.  In  a  plane  perpendicular  to  B  ) . 

Tb  oay  anything  conclusively  about  this 
possibility,  more  accurate  values  of 
streamer  parameters  are  needed. 

OONCIUSION 

Prom  the  above  discussion  it  can 
be  concluded  that  all  intracloud  discha¬ 
rge  channels  and  the  in  cloud  portions 
of  the  vertical  do ud-to -ground  channel 
are  aligned  along  the  geomagnetic  fie.  d 
direction.  Iherefore  they  are  horizontal 
in  low  latitudes,  inclined  in  high  lati¬ 
tudes  Bn<*  vertical  at  poles  hut  in  all 
the  cases,  in  meridinal  plane.  Some  pos¬ 
sibilities  of  general  orientation  in  ths 
plane  perpendicular  to  meridinal  plane 
are  also  found. 
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Fig.  1  -  Propagating  channel  before  and 
after  entering  the  cloud. 
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ABSTRACT 

NOAA  WC-130  aircraft  instrumented  with 
electromagnetic  field  sensors  was  flown  in 
South  Florida  in  close  proximity  to  thunder¬ 
storms  in  the  summer  of  1981.  Electromagnetic 
field  measurements  of  two  direct  lightning 
attachments  to  the  aircraft  Were  recorded  in  a 


Several  experimental  programs  (1M8)  have 
been  performed  to  determine  the  characteristics 
of  lightning  attachment  to  aircraft.  Some  of 
the  electromagnetic  characteristics  of  over  300 
direct  lightning  strikes  have  been  measured  in 
various  aircraft.  The  electromagnetic  field 


continuous  analog  recorder  with  a  frequency  data  recorded  on  the  aircraft  during  direct 

response  of  2  MHz  on  17  July  and  26  Aug.  The  attachments  have  different  characteristics  than 

17  July  flash  lasted  295  msec  and  was  charac-  those  recorded  on  the  ground  during  natural 

terized  by  about  200  individual  pulses  with  a  cloud-to-ground  and  intracloud  flashes.  However,, 

maximum  pulse  repetition  rate  of  (impulses/  far-field  data  recorded  in  an  aircraft  at  3  to 

sec.  The  maximum  uniform  current  of  any  of>^  35  km  from  a  natural  lightning  flash  have  sim- 

the  isolated  pulses  was  650  Amperes.  Theorise-  ilar  characteristics  to  those  recorded  on  the 

times  of  these  pulses  ranged  from,  lash' than  3§Q _ _  ground  (9).  These  experimental  results  indi- 

nsec  to  about  12^’s®£). . This  fla^h-'had  a  con-c %'d'axec)  cate  that  in  most  cases  the  physical  process  that 

tinuing  current  of  50  A,  cau>ed  eleven  small  produces  lightning  attachment  to  aircraft  is 

burn  marks  along  the  fuseigge  and  burned  through  different  than  the  process  which  causes  natural 

one  of  two  external  antenna  wires  on  top  of  the  intracloud  or  cloud-to-ground  discharges, 

aircraft.  The  gd-AUg  flash  lasted  460  msec  Here  we  analyze  the  characteristics  of  the 

and  was  characterized  by  about  300  individual  electromagnetic  field  measured  during  the  two 

pula^s^wlth  a  maximum  pulse  repetition  rate  of  direct  lightning  attachments  to  the  WC-130. 

(loJiS pulses/sec.  The  maximum  uniform  current  of  Then,  by  comparing  these  results  with  other  ex- 
these  pulses  was  3  kA.  The  risetime  of  these  perimental  data  (1M7)  and  theoretical  analy- 

pulses  ranged  from  less  than  350  nsec  to  about  sis  (10)-(15)>  we  present  a  description  of  a 

10  usee.  There  was  no  evidence  of  a  continuing  possible  mechanism  of  cloud-to-aircraft  light- 

current  component  in  this  flash. v  Two  of  the  ning.  On  the  basis  of  the  conditions  surround- 

navigation  computers  experienced  Memory  upsets  ing  the  aircraft  during  reported  lightning 

during  the  attachment  and  were  disabled  for  the  attachment  ( 16)— ( 19 > ,  it  appears  that  over  95% 

rest  of  the  flight.  During  both  of 'the  direct  of  all  lightning  attachments  to  ait 'craft  are 

attachments,  the  aircraft  was  flyingv inside  produced  by  some  type  of  cloud-to-aircraft  dig- 

clouds  at  an  altitude  of  about  16,00(J\ft  and  no  charge,  usually  referred  to  in  the  literature 
previous  lightning  flashes  had  been  observed  as  a  triggered  flash  (10)- (12). 

closer  than  about  5  km  from  the  aircraft^ These 


aircraft  lightning  strikes  and  many  others  pre¬ 
sented  in  the  literature  indicate  that  the  phy¬ 
sical  mechanisms  of  most  lightning  attachments 
to  aircraft  are  different  than  those  of  cloud- 
to-grbund  and  intracloud  lightning.  This  paper 
presents  an  analysis  of  the  WC-130  direct 
strikes  and  a  description  of  a  possible  mech¬ 
anism  for  lightning  attachment  to  aircraft. 


INSTRUMENTATION 

A  WC-130  aircraft  provided  by  the  National 
Oceanographic  and  Atmospheric  Administration 
(NOAA)  was  located  at  the  Miami  airport  and  flown 
over  South  Florida  during  the  summer  of  1981. 

The  aircraft  was  instrumented  with  11  sensors  to 
measure  the  electromagnetic  fields  on  the  surface 
of  the  aircraft.  The  sensors  were  mounted  on 
the  aircraft  as  shown  in  Figure  1.  Thesis  types 
of  sensors  are  designed  to  operate  away  from  the 
main  lightning  channel  where  there  ia  no  effect 
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Fig  1.  Sensor  Locations 


due  to  arc  and  corona  ( 20 ) .  During  a  direct 
lightning  attachment  the  conductivity  of  the 
air  surrounding  the  sensor  is  likely  to  change 
and  distort  the  electric  field  on  the  aircraft 
surface  particularly  at  high  frequencies. 

However,  changes  in  the  air  conductivity  do  not 
have  a  significant  effect  on  the  measurements  • 
of  the  magnetic  field  (21).  Since  comparable 
magnitude  electric  and  magnetic  field  pulses 
were  recorded  simultaneously  on  different  lo¬ 
cations  of  the  aircraft  surface  and  the  data 
are  well  correlated,  it  appears  that  these 
sensors  operate  properly  over  our  frequency 
range  of  near  DC  to  2  MHz. 

Flush  plate  dipole  (FPD)  D-Dot  sensors  were 
mounted  on  the  front  upper  fuselage  (FUF),  left 
wing  tip  (LWT) ,  and  aft  lower  fuselage  (ALF).  A 
hollow  spherical  dipole  (HSD)  Q-Dot  sensor  was 
located  on  the  aft  upper  fuselage  (AUF) .  Both 
the  D-Dot  and  Q-Dot  sensors  were  used  to  measure 
the  time  rate  of  change  of  the  electric  flux 
density.  The  HSD  is  easier  to  adapt  to  the  air¬ 
craft  curvature  at  the  AUF  but  it  produces  an 
enhancement  of  about  three  times  that  of  the 
FPD.  The  B-Dot  sensors  were  oriented  to  be 
sensitive  to  either  current  flow  nose-to-tail 
(NT)  or  current  flow  wing-to-wing  (WW).  The 
J-Dot  sensors  located  on  the  wings  were  sensitive 
to  current  flowing  on  the  wings  and  were  referred 


to  by  locations;  right  upper  wing  (RUW),  right 
lower  wing  (RLW) ,  left  upper  wing  (LUW),  and 
left  lower  wing  (LLW) .  There  was  alos  a  J-Dot 
sensor  located  on  the  fuselage  which  was  sen¬ 
sitive  to  current  flow  nose-to-tail;  this  was 
referred  to  as  the  J-Dot  aft  upper  fuselage 
(AUF)  sensor.  A  detailed  description  of  the 
design  and  equivalent  circuits  for  all  these 
sensors  can  be  found  in  the  references  (9),  (20), 
and  (22). 

Fiber  optic  cables  were  used  to  transmit  the 
detected  output  of  the  sensors  to  the  recording 
equipment.  A  28  channel  Honeywell  101  analog 
recorder  with  a  frequency  response  of  DC  to  500 
kHZ  on  the  FM  channels  and  400  Hz  to  2  MHz  on 
the  direct  channels  was  used  to  monitor  the  data 
continuously.  The  derivative  outputs  from  the 
field  sensors  were  hardware  integrated  to  about 
1  KHz  before  storage  on  the  analog  recorder 
channels.  After  the  first  attachment  the  output 
fram  the  D-Dot  FUF  sensor  was  integrated  down  to 
.5  Hz  to  provide  a  low  frequency  electric  field 
record  of  the  lightning  activity.  Outputs  from 
the  J-Dot  tensors  were  recorded  as  derivativaa. 

In  addition  to  the  analog  recorder,  an  eight  bit 
resolution  ten  channel  digital  transient  re¬ 
corder  capable  of  recording  8192  sample  points 
at  20  nsec  intervals  was  used  to  record  chosen 
data  windows  above  a  pre-selected  threshold  level. 
Two  or  three  data  windows  could  be  recorded  per 
second  with  the  digital  system.  The  frequency 
response  was  about  25  MHz.  For  both  of  the 
direct  attachments  the  digital  system  triggered 
hundred  of  milliseconds  prior  to  the  strike  and 
remained  disabled  during  the  attachment.  There¬ 
fore,  the  only  data  recorded  was  on  the  contin¬ 
uous  analog  recorder  which  was  limited  to  2  MHz. 
Most  of  the  electric  and  magnetic  field  data 
channels  of  the  analog  recorder  were  calibrated 
to  be  within  their  dynamic  range  for  distances 
up  to  about  35  km  from  the  lightning  discharge. 
Consequently,  same  of  these  channels  saturated 
when  the  electric  field  exceeded  a  few  hundred 
volts/metar,  We  measured  the  magnitude  of  all 
the  small  pulaes  and  soma  of  the  large  pulses 
in  the  discharge  and  determined  the  total  amount 
of  pulse  activity  during  both  attachments. 

The  aircraft  was  equipped  with  a  weather 
radar  from  which  a  digital  printout  of  precipi¬ 
tation  echoes  could  be  obtained.  A  Storms cope 
was  also  installed  on  the  aircraft  to  provide 
information  on  thunderstorm  location. 

RESULTS 

THE  17  JULY  FLASH.  On  17  July  at  17:21 :44_SBT, 
we  received  a  direct  lightning  strike  to  the 
aircraft  which  was  characterized  by  a  bright, 
noisy  arc  which  was  visible  from  the  cockpit  and 
temporarily  blinded  the  copilot.  The  aircraft 
was  flying  inside  the  cloud  in  an  area  of  light 
precipitation  at  405  km/hour  at  an  altitude  of 
17,000  ft  with  an  outside  air  temperature  of 
-0. V°C.  There  was  no  anvil  above  the  aircraft 
and  the  cloud  tops  were  estimated  at  22,000  ft. 
Figures  2(a)  and  (b)  show  the  ground  weather 
radar  data  obtained  from  the  National  Weather 


uniform  current  value  corresponding  to  any  of 
the  pulses  was  650  Amps,  which  was  obtained  from 
oqe  of  the  pulses  on  the  J-Dot  AUF.  The  magne¬ 
tic  field  sensor  sensitive  to  current  flow  in 
the  NT  direction  recorded  the  largest  amount 
of  pulses  and  they  corresponded  to  the  largest 
magnitude  pulses  from  the  J-Dot  AUF.  These 
results  strongly  suggest  that  attachment  occurred 
across  the  fuselage. 

The  J-Dot  sensors  were  calibrated  for  a 
range  between  200  A  and  30  kA.  By  correlating 
the  pulses  from  the  four  J-Dot  outputs  in 
Figure  3 i  the  time  and  relative  location  of  the 
largest  current  flow  on  the  aircraft  was  deter¬ 
mined.  There  were  only  five  current  pulses 
above  300  Amps.  Four  of  these  occurred  toward 
the  end  of  the  active  portion  of  the  flash  and 
during  the  isolated  pulses  in  the  second  phase 
of  the  flash.  All  of  these  pulses  propagated 
along  the  wing,  as  shown  by  the  correlated  H  WW 
records  in  Figure  3. 

By  observing  smaller  data  windows  we  noted 
that  the  train  of  pulses  during  the  initial 
active  phase  of  the  flash  starts  to  decrease  in 
magnitude  for  several  milliseconds  after  the 
first  10  to  15  msec,  then  increases  again  for 
10  to  15  msec.  The  pulse  repetition  rate  is 
maximum  during  the  first  A3  msec  of  the  flash 
and  is  near  10^  pulses/sec.  Defining  a  pulse 
as  any  spike  with  a  magnitude  of  at  least  twice 
the  noise  level,  there  were  about  200  pulses 
in  this  flash. 

Figure  4  shows  the  first  A  msec  window  from 
the  time  just  prior  to  the  start  of  the  flash. 

A  alow  field  change  of  about  -1800  volta/meter 
occurred  on  the  FUF  electric  field  sensor  during 
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Fig  A.  Electric  and  magnetic  fields  and  current 
density  for  the  first  A  msec  of  the 
flash  on  17  July  1981. 
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a  period  of  about  42  paec.  Also,  during  this 
period,  the  AUF  electric  field  sensor  reading 
increased  to  about  200  volts/meter.  These  low 
frequency  pulses  suggest  a  leader  propagation. 
There  is  some  activity  in  the  H  NT  sensor  during 
this  period  which  indicates  a  small  current  flow 
along  the  fuselage.  That  leader  current  may 
have  propagated  from  the  aircraft  to  a  nearby 
cloud  charge  center.  It  appears  that  the  field 
enhancement  near  the  surface  of  the  aircraft  is 
sufficiently  large  to  produce  leader  propagation. 
The  apparent  leader  propagation  lasts  less  than 
200  paec  which  corresponds  to  a  distance  of  less 
than  200  meters  from  the  aircraft  to  the  sur¬ 
rounding  charge  center.  It  should  be  noted  that 
the  frequency  response  of  the  sensors  only  goes 
down  to  a  few  kilohertz  and  a  steady  field  change 
could  not  be  detected  with  this  frequency  resolu¬ 
tion.  The  first  fast  field  change  is  shown  as 
"1"  in  Figure  A  and  it  probably  corresponds  to 
the  first  time  that  any  charge  is  neutralized 
in  the  discharge.  Pulse  "2"  corresponds  to  the 
first  time  current  flow  is  neutralized  with  a 
significant  contribution  in  the  WW  direction. 
Pulses  "3"  to  "6"  have  current  flow  along  the 
fuselage  and  in  the  wing  direction.  Figure  A 
also  shows  the  structure  of  the  type  of  pulses 
recorded  during  the  first  few  milliseconds 
on  the  flash.  The  pulses  in  the  J-Dot  reading 
correspond  to  the  largest  magnitudes  of  the 
saturated  pulses  in  the  electric  and  magnetic 
field  readings. 

Figure  5  shows  a  164  paec  data  window 
around  the  time  of  pulse  6  in  Figure  A.  These 
four  pulses  are  obtained  from  the  J-Dot  outputs 
by  using  a  software  computer  integration  routine. 
A  calculation  of  the  charge  transfer  from  this 
pulse  using  the  corresponding  uniform  current  of 
815  Amps  and  its  risetime  of  10  psec  is  8.15 
millicoulombs.  This  value  is  somewhat  larger 
than  the  maximum  charge  estimated  for  the  air¬ 
craft  (11). 

The  fastest  risetime  that  could  be  mea¬ 
sured  accurately  with  the  2  MHz  frequency  re¬ 
sponse  was  about  350  nsec.  Since  most  of  the 
pulses  were  saturated  in  the  electric  and  mag¬ 
netic  field  sensors  and  the  data  were  band- 


Fig  5.  Integrated  J-Dot  outputs  for  pulse  6 
in  Figure  A. 
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Fig  2.  Weather  Radar  and  Stonrscope  data  (a)  5  minutes  before  and  (b)  1  minute  after  the  lightning 
attachment  on  17  July  1981.  The  continuous  lines  indicate  rain  or  clutter  contours  as 
determined  by  a  ground  weather  radar  at  Miami.  The  crosses  represent  the  regions  of  highest 
precipitation  from  airborne  radar.  The  dashed  lines  encircle  the  locations  of  the  return 
stroke  locations  obtained  by  the  Stormscope. 


Service  (NWS!  Office  at  Miami,  Florida  super¬ 
imposed  with  the  airborne  radar  and  Stormscope 
data  from  five  minutes  before  and  one  minute 
after  the  direct  strike.  The  locations  of  the 
aircraft  and  a  ground  site  are  shown  on  both 
maps.  The  wideband  electric  field  (DC  to  2 
MHz)  and  VHF  radiation  (60  to  66  MHz)  were  re¬ 
corded  at  the  ground  site.  At  the  time  of  the 
attachment  the  aircraft  was  near  the  edge  of 
the  cloud  in  an  area  of  weak  precipitation. 

The  Stormscope  showed  no  lightning  activity 
within  5  km  of  the  aircraft. 

Figure  3  shows  the  data  collected  on  all 
the  sensors  for  the  entire  flash,  which  lasted 
about  300  msec.  The  sensors  presented  here  are 
the  integrated  output  of  the  D-Dot  FUF,  the 
integrated  output  from  the  Q-Dot  ALF,  the  in¬ 
tegrated  output  from  the  8-Dot  NT  and  WW,  and 
the  derivative  outputs  from  the  current  sensors 
on  LUW,  LLW  and  RUW.  The  first  phase  of  the 
flash  was  very  active,  lasted  about  76  msec  and 
consisted  of  a  train  of  pulses  tens  of  micro¬ 
seconds  apart,  each  with  a  duration  of  few  micro 
seconds.  After  this  fairly  continuous  pulse 
train  there  were  a  few  isolated  pulses  spread 
out  over  224  msec.  The  electric  field  from  the 
FUF  and  AUF  sensors  saturated  at  £  2500  volts/ 
meter  and  +  500  volts/meter,  respectively.  The 
Magnetic  field  in  the  NT  direction  saturated  at 
about  +  1.6  Amps/meter  but  the  magnetic  field 
in  the~Ww  direction  did  not  saturate.  The 


measurements  of  the  magnetic  field  and  current 
sensors  were  converted  to  uniform  current  flow 
lining  an  aircraft  model  (23).  The  maximum 
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Fig  3,  Electric  and  magnetic  fields  and  currant 
density  for  the  entire  flash  on  17  Jul  61. 
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limited,  no  significant  conclusions  could  be 
derived  from  .rate  of  rise  calculations. 

Damage  to  the  aircraft  was  caused  by  a 
continuing  current  as  it  swept  across  nine  fas¬ 
tening  screws  spread  along  the  upper  fuselage 
from  a  spot  outside  the  copilot's  window  to  a 
spot  near  the  wing.  Also,  one  of  two  antenna 
wires  mounted  between  the  upper  fuselage  and  the 
top  of  the  vertical  tail  was  burned  through. 

Since  the  instrumentation  package  at  the 
time  of  this  flash  was  not  calibrated  to  measure 
low  frequencies,  a  laboratory  test  was  performed 
to  estimate  the  continuing  current  necessary  to 
produce  the  same  amount  of  damage  as  seen  on  the 
aircraft.  The  distance  between  the  burned 
rivets  ranged  from  33  cm  to  158  on  for  a  total 
length  of  5.4  meters.  Since  the  aircraft  speed 
was  405  km/hour,  the  duration  of  the  continuing 
current  was  48  msec  and  the  average  dwell  time 
was  about  6  msec.  The  charge  transfer  required 
to  produce  the  same  burn  In  the  rivets  was  es¬ 
timated  sa  .315  coul  and  the  continuing  current 
as  .315/. 006  *  52.5  Ampa.  It  is  likely  that 
continuing  current  existed  over  the  entire 
initial  phase  of  76  msec  but  that  we  were  able 
to  estimate  only  48  msec  based  on  the  noticeable 
burns  on  the  rivets. 

THE  26  AUO  FLASH .  On  26  Aug  et  17:09:45 
EDT,  we  received  a  second  direct  strike  to  the 
aircraft.  The  aircraft  was  flying  at  333  km/ 
hour  at  an  altitude  of  16,000  ft  with  an  out¬ 
side  air  temperature  of  -5°C.  The  aircraft  wai 
inside  the  oloud  in  an  area  of  slushy  precipi¬ 
tation  in  a  rapidly  building  part  of  the  cloud 
formation.  There  was  no  anvil  above  the  air¬ 
craft  and  the  oloud  tops  wers  sstimated  as 
30,000  ft.  The  Stormscope  had  not  shown  any 
cloud-to-ground  lightning  flashes  closer  thsn 
about  5  km  from  the  aircraft. 

All  the  electric  and  magnetic  field 
sensora  except  the  E  LWT  were  kept  at  the  same 
magnitude  saturation  levels  as  in  the  previous 
flash.  The  E  LWT  sensor  saturation  level  waa 
changed  to  320,000  volts/meter.  This  sensor 
recorded  a  maximum  electric  field  of  about 
160,000  volts/ueter  but  this  reading  might 
not  be  quire  accurate  because,  as  explained 
previously,  this  sensor  is  not  designed  for 
recording  a  direct  atrlke. 

Figure  6  shows  the  overall  structure  of 
the  flush.  The  E  FUF  sensor  wss  calibrated 
before  this  flash  for  a  low  frequency  response 
less  than  1  Hz.  The  sensor  drifted  end  satura¬ 
ted  a  few  seconds  prior  to 'the  attachment. 

During  the  attachment  the  E  FUF  output  oscilla¬ 
ted  between  maximum  positive  end  negative 
saturation  levels  and  zero. 

The  flash  lasted  460  msec  and  consisted 
of  an  initial  active  phase  of  about  220  msec 
and  a  few  isolated  pulses  during  the  remaining 
350  msec.  The  pulse  repetition  rate  reached  a 
maximum  of  1(r  pulsea/sec  during  the  first  30 
msec.  Most  of  tha  electric  field  pulses  were 
correlated  with  magnetic  field  pulses  sensitive 
to  current  flow  in  the  NT  direction,  which 
tended  to  indicate  a  direct  attachment  acroas 
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Fig  6.  Electrio  and  magnetic  fielda  and  current 
density  for  the  entire  riash  on  26  Jul  81. 

the  fuselage.  There  were  about  300  pulses  in 
the  entire  flash. 

Figure  7  shows  the  first  4  msec  of  the 
flash.  The  first  indication  of  the  flush  can 
be  observed  on  the  alow  electric  field  records 
obtained  for  all  four  sensors.  Tha  first  fast 
field  change  occurred  about  350  psec  after  the 
initial  field  change.  As  in  the  previous  flash, 
this  pattern  suggests  a  leader  propagation.  The 
leader's  short  duration  of  about  350  pace  might 
indicate  that  pockets  of  charges  were  neutra¬ 
lized  just  a  few  hundred  metera  away  from  the 
aircraft.  Since  no  activity  ia  seen  in  the 
magnetic  field  eenoo va  during  the  slow  electric 
field  change,  It  can  be  assumed  that  the  leader 
propagated  from  the  cloud  to  the  aircraft.  Aa 
in  the  previous  flash,  the  apparent  leader  pro¬ 
pagation  ia  from  a  charge  center  100  to  200 
meters  away  to  the  aircraft.  Pulses  1  through  5 
in  Figure  7  show  the  first  few  correlated  pulses 
during  the  flash.  Pulse  5  is  the  largest  in  ths 
J-Dot  AUF  and  corresponds  to  a  uniform  current 
flow  of  about  3  kA. 

Figure  8  shews  a  164  pssc  pulss  window  of 
pulse  5  in  Figure  7.  This  pulse  wss  integrated 
to  determine  a  uniform  current  of  3  kA  and  a 
charge  transfer  of  30  mC.  This  charge  is  about 
five  times  larger  than  the  expected  charge  on 
the  aircraft  (11). 

The  only  damage  produced  by  tha  atrlke  was 
to  two  of  the  computer  systems  on  board  the  air¬ 
craft.  Memory  upsets  occurred  to  these  two 
computers,  which  were  located  in  the  forward 
upper  fuselage  behind  the  cockpit  area.  This 
atrika  did  not  produce  any  diatinguiahabla  burn 
marks  on  the  skin  of  tbs  aircraft.  Thia  implies 


Fig  7.  Electric  and  magnetic  fields  and 
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that  the  flash  had  low  or  nonexistent  continu¬ 
ing  current  flow. 

DISCUSSION 

During  both  lightning  attachments  reported 
here  the  aircraft  was  flying  in  clouda  in  areas 
of  slight  or  slushy  precipitation  but  at  least 
5  km  away  from  the  closest  thunderstorm.  The 
characteristics  of  the  electric  and  magnetic 
field  and  current  distribution  on  the  aircraft 
rule  out  the  possibility  of  a  cloud-to. ground 
discharge.  Since  the  aircraft  was  not  in  close 
proximity  to  any  thundercloud,  it  is  highly  un¬ 
likely  that  the  aircraft  was  part  of  an  intra¬ 
cloud  discharge.  The  initial  slow  electric 
field  variations  that  resemble  leader  propa¬ 
gation  suggest  that  a  cloud-to-aircraft  direct 
attachment  occurred.  From  the  duration  of  the 
leader  propagation,  it  appears  that  the  charge 
region  neutralized  by  this  discharge  was  within 
two  hundred  meters  of  the  aircraft.  The  total 
duration  and  overall  structure  of  the  train  of 
pulses  obtained  in  these  flashes  are  consistent 
with  other  reported  aircraft  lightning  strikes 
(4),  (7).  If  analog  data  haul  been  recorded 
continuously  in  all  airborne  lightning  charac¬ 
terization  programs  we  suapect  that  the  indi¬ 
vidual  attachment  pulses  reported  would  prove 
to  be  part  of  a  more  complex  process  which 
probably  involvad  hundreds  of  pulses. 

The  pulse  repetition  rate  and  relative 
amplitude  of  the  pulses  during  direct  attach¬ 
ments  are  not  known  for  much  of  the  reported 
lightning  attachment  data  (2),  (5)-(6).  For 
-example,  Fitzgerald  (2)  does  not  show  the  total 
duration  of  his  55  direct  lightning  strikes  but 
claims  a  pulse  repetition  rate  of  103  pulses/sac. 
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Fig  8.  Integrated  J-Dot  outputs  for  one 
the  pulses  in  figure  7. 


The  direct  strike  reported  by  Nanevicz  (5) 
lasted  700  ;usec  with  a  pulse  repetition  rate  of 
0.2  x  103  pulses/sec.  Troat  and  Pitts  (7)  re¬ 
ported  a  strike  to  the  NASA  F-106  that  lasted 
over  760  msec  and  had  mors  than  100  pulses. 

Our  maximum  pulse  repetition  rats  of  104  pulses/ 
see  is  one  order  of  magnitude  larger  than  any 
previous  reported  data  and  ia  probably  due  to 
the  high  sensitivity  of  our  instrumentation.  The 
magnitude  of  the  maximum  uniform  current  flow  of 
800  A  and  3  kA  for  any  pulae  in  these  two  flashes 
is  of  lower  intensity  than  the  average  reported 
data  (2/ ,  (3),  (5M7).  The  maximum  reported 
current  in  a  direct  attachment  to  an  aircraft  is 
70  kA  (5)  and  the  average  ia  probably  about  6  kA. 
It  should  be  noted  that  lightning  triggered  by 
rockets  launched  from  the  ground  haa  a  much 
largar  number  of  return  strokes  than  natural 
lightning.  This  large  number  of  fast  rise  pulses 
resembles  the  cloud-to-alrcraft  lightning  aincs 
they  ere  both  triggered  by  the  presence  of  a 
charged  object  in  a  high  electric  field. 

Table  1  shows  a  summary  of  the  character¬ 
istics  of  our  two  direct  strikes. 

Statistical  data  for  lightning  attachmsnta 
to  aircraft  in  this  country  (16)  indicate  that, 
for  80%  of  all  reported  direct  strikes,  the  air¬ 
craft  was  in  a  nonthunderous  cloud  and  at  least 
10  km  from  the  closest  thundercloud.  In  the  re¬ 
maining  20%  the  aircraft  was  either  below  or 
above  the  clouds.  Reports  from  Australis  (19) 
indicate  that  over  50%  of  all  lightning  attach¬ 
ments  to  aircraft  occur  in  lightning-fret 
clouds.  Other  types  of  clouds  such  as  nlmbos- 
trstus  and  altoatratus  probably  have  sufficient 
charge  to  produce  an  internal  discharge  to  a 
moving  charged  object  (19).  The  analysis  of 
the  data  reported  here  provides  additional 
evidenco  for  the  occurrence  of  cloud-to-sircraft 
discharges.  Even  though  the  triggering  mechan¬ 
ism  that  caused  these  types  of  discharges  is  not 
fully  identified,  our  data  and  analysis  provide 
sous  insight  into  this  process.  During  the  few 
seconds  prior  to  the  26  Aug  flesh  we  experienced 
a  build-up  of  static  charge  which  could  be  heard 
on  the  radio.  Simultaneously  with  this  build-up 
of  the  static  charge,  the  E  FUF  which  had  a 
frequency  response  less  than  1  Hz  became  satura¬ 
ted  in  the  positive  direction,  which  indicates  a 
negative  charge  on  the  surface  of  the  aircraft. 
Note  that  this  sensor  waa  saturated  prior  to  the 
beginning  of  the  discharge,  as  shown  in  Figure  7. 
It  appears  that  the  aircraft  was  charged  to  a 
level  which  would  cause  corona  and  the  discharge 
of  streamers.  The  28  identifiable  short  pulses 
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Table  1 

Comparison  of  tha  Characteristics  of  the 
Two  Direct  Lightning  Attachments  to  the  WC-13Q  Aircraft 


17  July 

26  August 

Flash  Duration 

295  msec 

460  msec 

Maximum  Pulse 

Repetition  Rate 

lO^  pulses/esc 

10^  pulses/sec 

Total  Number 
of  Pulses 

150  -  200 

200  -  300 

Maximum  Uniform 

Current  Flow  in 
a  Single  Pulae 

800  A 

3  kA 

Maximum  Electric 

Field  Change  in 

a  Pulae 

2000  V/m 

(Saturation  Laval) 

200,000  V/m 

Maximum  Magnetic 

Field  Change  in  a 

Pulse 

1.8  A/m 

(Saturation  Level) 

1.8  A/m 

(Saturation 

Laval) 

Risetime 

Max:  12  usee 

Max:  10  ysec 

Min:  about  20 %  balow 

BW  limit  of  350  nsec 

Min:  about  25% 
below  BW  limit 
of  350  nsec 

Continuing  Current 

50  A 

^asim«mimae».aeea«s  wee— sees 

during  the  first  millisecond  of  the  E  FUF 
record  might  be  on  indication  of  these  stream¬ 
ers.  The  aircraft  continued  to  accumulate 
negative  charge  throughout  the  strike.  Since 
the  aircraft  was  flying  at  about  -5°C  the  air¬ 
craft  charging  mechanism  probably  involves  a 
combination  of  triboelectric  charging  and  other 
types  of  charging  process  which  continues  to 
build  up  ths  aircraft  charge. 

The  duration  of  the  entire  doud-to- 
aircraft  discharge  ie  comparable  to  a  natural 
lightning  discharge  and  may  be  interpreted  in 
a  manner  similar  to  an  intracloud  discharge 
(25).  In  most  cases  the  aircraft  has  entered 
an  area  of  high  electric  field  which  ia  further 
enhanced  due  to  the  presence  of  the  aircraft. 
Since  the  aircraft  cannot  sustain  additional 
build-up  of  charges,  streamer  propagation 
occurs.  Simultaneously  with  theae  streamers, 
a  leader  develops  and  crosses  the  gap  between 
the  aircraft  and  a  region  of  opposite  charge 
near  the  aircraft.  A  mini-return  stroke  then 
occurs  similar  to  those  that  probably  occur  in 
an  intracloud  discharga.  As  the  aircraft  con¬ 
tinues  to  be  recharged  negatively  (in  thia  case) 
new  mini-return  strokes  occur  which  keep  extend¬ 
ing  the  charge  region  of  the  first  stroke.  Thia 
process  may  occur  hundreds  of  times  in  a  cloud- 


to-aircraft  strike.  The  distance  of  the  cloud 
charge  center  from  the  aircraft  might  be  any¬ 
where  from  e  few  aircraft  lengths  to  a  few 
hundred  meters.  The  initial  phase  of  the  cloud- 
to-aircraft  discharge  hae  a  duration  comparable 
to  the  active  phase  of  an  intracloud  discharge 
whereas  ths  Isolated  pulses  which  spread  out 
over  a  few  hundred  milliseconds  after  the  initial 
phase  resemble  the  Junction  phase  of  the  intra- 
cloud  discharge  (26). 

CONCLUSION 

We  have  provided  electromagnetic  measure¬ 
ments  of  two  direct  lightning  attachments  to 
an  aircraft,  compared  these  results  with  other 
experiments  and  provided  an  explanation  for  the 
results.  The  data  reported  hero  agree  with 
Schaeffer  (11),  who  postulated  that  the  aircraft 
must  be  adjacent  to  or  in  close  proximity  to  e 
source  of  charge  before  leaders  can  propagate. 

The  aircraft  should  not  be  able  to  divert  to 
itself  a  natural  discharge  occurring  more  than 
a  few  hundred  meters  from  the  aircraft.  Several 
articles  (27M28)  discuss  the  physical  process 
of  lightning  attachment  to  an  aircraft  in  flight 
as  if  the  type  of  lightning  were  the  same  as  that 
seen  on  tha  ground.  Baaed  on  the  U.S.  Air  Force 
lightning  incident  reports  (16),  we  will  spec- 
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ulate  that  wall  over  95%  of  all  aircraft  light¬ 
ning  attachments  are  triggered  by  the  presence 
*  of  the  aircraft.  However,  we  must  not  believe 
that  there  is  no  real  threat  to  aircraft  be¬ 
cause  the  individual  pulses  in  these  flashes 
are  of  smaller  magnitude  than  the  return  stroke 
pulses  in  a  cloud- to-ground  flash.  The  USAF 
C-130E  which  crashed  in  Charleston,  S.C.  in 
November  1978  in  a  lightning  confirmed  accident 
(29),  was  flying  at  the  freezing  level  in  a 
precipitating,  non thunderous  cloud  at  the  time 
of  the  strike.  It  is  highly  likely  that  this 
was  a  triggered  discharge.  Additional  data  of 
the  electromagnetic  characteristics  of  direct 
lightning  attachments  must  be  obtained  to  in¬ 
crease  our  understanding  of  the  doud-to-aircraft 
lightning  discharge. 
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ABSTRACT 

— ^  A  WC-130  aircraft  instrumented  with  elec¬ 
tromagnetic  field  sensors  was  flown  in  South 
Florida  in  close  proximity  to  thunderstorms. 

Electric  and  magnetic  fields  were  measured  over 
one  thousand  lightning  return  strokes  at  dis¬ 
tances  between  A  and  35  km  from  the  aircraft. 

These  field  wavo forms  were  recorded  with  a 
Digital  Transient  Recorder  with  a  25  MHz  band¬ 
width  which  consists  of  8192  samples  in  20  nsec 
intervals. 

The  risetiues  for  over  two  hundred  return 
stroke  magnetic  fields  have  been  calculated. 

The  average  risetime  (10  to  90%)  of  the  entire 
waveform  for  the  first  return  stroke  was  1.78  -----  -v 
yseo  with  a  standard  deviation  of  ,87(lise 
The  average  risetime  for  the  fast  portion  of  the 
first  return  stroke  was  356  nsec  with  a  standard 
deviation  of  141  nsec.  The  average  risetime 
for  subsequent  return  strokes  was  405  nsec  with 
a  standard  deviation  of  148  nsec. 

From  the  far-field  data,  the  average  rate 
of  rise  of  the  current  in  the  return  stroke 
channel  tor  30  strokes' was  estimated  as 
4.39  x  llOJ/lA/stic  with  a  standard  deviation 
of  2,3^rx  jCr^A/sec. 

rfoiv'-Hv  iritis  ^ 

In  1981  the  Air  Force  Wright  Aeronautical 
Laboratories  (AFWAL)  conducted  a  lightning 
characterization  program  in  a  WC-130  aircraft 
provided  by  the  National  Oceanographic  and  At¬ 
mospheric  Administration  (NOAA) .  The  aircraft 
was  instrumented  with  wideband  electromagnetic 
field  sensors  as  described  by  Rustan  et  al.  (1) 
in  a  different  paper  of  this  proceeding.  The 
aircraft  flew  twelve  missions  in  South  Florida 
and  accumulated  about  50  flying  hours.  Most  of 
the  data  was  collected  at  an  altitude  be- .  • 
tween  4  and  35  km  from  the  lightning  discharge. 

In  this  paper  we  briefly  describe  the  procedure 
used  to  obtain  the  data,  discuss  the  structure 
of  the  eleotric  and  magnetic  field  waveforms 
recorded  in  the  aircraft,  and  summarize  the 


risetime  calculations  for  first  and  subsequent 
return  strokes. 

AIRCRAFT  MEASUREMENT  SYSTEM 

Eleven  sensors  were  used  on  the  WC-130 
in  1981  (1)-(2).  The  measurements  discussed 
here  are  the  horizontal  components  of  the  mag¬ 
netic  field  on  the  forward  upper  fuselage  (FUF), 
and  the  electric  field  component  on  the  FUF  and 
on  the  aft  upper  fuselage  (AUF).  These  waveforms 
were  continuously  recorded  on  an  analog  tape 
with  an  upper  frequency  response  of  about  2  MHz. 
The  analog  recorder  step  response  was  350  nsec. 

In  addition,  an  eight  bit  resolution  digital 
recorder  was  used  to  obtain  8192  sample  points 
at  20  nsec  intervals  of  the  derivatives  of  the 
measured  quantities.  Two  or  three  data  windows 
could  be  recorded  per  second  with  this  system 
which  has  a  frequency  response  of  25  MHz.  The 
data  blocks  are  initiated  in  a  pre-trigger  mode 
be  any  incoming  signal  exceeding  a  preset  deriva¬ 
tive  threshold  level. 

The  selected  signal  at  the  sensor  outputs 
were  transmitted  using  fiber  optic  cables,  and 
recorded  in  two  different  forms  as  shown  in 
figure  1.  The  derivatives  of  the  desired  mea¬ 


sured  quantities  detected  by  setting  the  thres¬ 
hold  level  wet's  logged  and  stored  in  the  digital 
recorder.  The  continuous  output  was  hardware 
integrated  and  recorded  in  the  analog  tape.  The 
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.low  frequency  response  of  the  analog  tape  for 
the  magnetic  field  on  the  FUF  and  the  electric 
field  on  the  AUF  was  3  kHz.  This  low  frequency 
response  was  limited  by  the  noise  level  at  the 
fiber  optic  receiver.  Since  a  low  frequency 
response  of  near  1  Hz  is  required  to  fully 
identify  the  different  return  strokes  in  a 
cloud-to-ground  flash,  the  electric  field  at 
the  FUF  was  hardware  integrated  at  the  sensor 
output,  transmitted  in  the  fiber  optic  cables, 
and  recorded  directly  in  different  gain  settings 
of  the  analog  recorder.  This  channel  was  used 
to  ensure  that  the  waveforms  being  analyzed 
were  indeed  first  or  subsequent  return  strokes. 

RESULTS 

One  of  the  horizontal  components  of  the 
magnetic  field  recorded  on  the  digital  system 
was  analyzed  for  173  first  return  strokes  and  71 
subsequent  return  strokes.  These  data  consisted 
of  all  the  return  strokes  recorded  in  the  digi¬ 
tal  system  in  three  of  the  flights  when  the  air¬ 
craft  was  located  between  about  10  km  and  35  km 
from  a  cloud- to-ground  flash.  Figure  2  shows  a 


Fig  2.  Typical  first  return  stroke  magnetic 

field' (top)  and  electric  field  (bottom) 
waveforms  about  20  km  away. 


simultaneous  record  of  the  electric  and  magne¬ 
tic  surface  fields  for  a  first  return  stroke 
recorded  on  the  aircraft  about  20  km  away  from 
the  discharge.  The  return  stroke  occurred  43.8 
Usee  after  the  beginning  of  the  record.  First 
return  stroke  waveforms  usually  consist  of  a 


(b)  10—90%  fast  portion. 

I 


slow  front  which  rises  in  2  to  8  usee  to  about 
half  of  the  peak  amplitude  (3)- (9)  and  is 
followed  by  a  faster  transition  to  peak  with  a 
10  to  90  percent  risetime  that  ranges  from  less 
than  100  usee  (8)  to  several  microseconds  (8), 
(9).  There  is  a  diagonal  dash  line  during  the 
return  stroke  in  figure  2  to  indicate  the  trans¬ 
ition  between  the  slower  and  faster  portion  of 
the  waveform.  Our  calculated  10  to  90  percent 
riaetimes  for  first  return  strokes  were  measured 
for  both  the  entire  waveform  and  the  fast  portion 
of  the  waveform.  The  transition  point  between 
the  slow  and  the  fast  part  of  the  waveform  was 
determined  using  a  technique  similar  to  that  of 
Weldman  and  Krider  (8)  and  illustrated  in  figure 
3.  The  zero  amplitude  level  in  figure  3  corres- 


Fig  3.  Typical  10-90%  risetimes  measurements. 

ponds  to  the  beginning  of  the  faster  portion  of 
the  waveform. 

Measurements  obtained  from  the  digital 
data  over  the  entire  waveform  for  173  first  re¬ 
turn  strokes  show  an  average  of  1.79  psec  and  a 
standard  deviation  of  .87  usee  as  shown  in 
figure  4(a).  For  128  of  these  173  events  the 
transition  point  from  the  slow  to  the  fast  front 
of  the  return  stroke  was  easily  identified.  For 
those  first  return  strokes  the  10  to  90%  riae¬ 
times  showed  an  average  of  356  nsec  and  a  stan¬ 
dard  deviation  of  141  nsec  as  shown  in  figure 
4(b).  After  obtaining  these  data,  it  was  argued 


data  for  first  return  strokes  (a)  10-90%  overall 
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that  the  preaet  derivative  threshold  level  might 
have  biased  the  data  by  selecting  only  the 
faster  pulses.  To  investigate  this  possibility 
we  reviewed  the  records  of  the  simultaneously 
recorded  analog  data  during  one  of  the  three 
chosen  flights  for  the  first  48  cloud-to-ground 
flashes.  The  10  to  90%  risetime  over  the  entire 
wavefonn  for  these  48  first  return  strokes  from 
the  analog  data  was  2.62  nsec  and  the  standard 
deviation  was  1.09  usee  as  shown  in  figure  5a. 

For  34  of  these  events  the  transition  point  in 
the  waveform  was  clearly  identified  and  the  10 
to  90%  risetime  of  the  fast  portion  was  552  nsec 
with  a  standard  deviation  of  241  nsec  as  shown 
in  figure  5b.  The  digital  recorder  did  not 
have  all  the  first  return  strokes  observed  in 
the  continuous  analog  data,  but  for  each  simul¬ 
taneous  record  the  waveform  was  exactly  the  same. 
Since  the  results  of  taking  all  the  return 
strokes  over  a  time  period  were  comparable  to 
the  digital  data,  we  concluded  that  the  averages 
of  the  digital  data  blocks  were  a  fairly  good 
representation  of  all  the  recorded  data. 


(a)  ysec) 

Fig  5.  Histograms  of  the  risetimes  of  the  a 
(b)  10-90%  fast  portion. 


shows  a  simultaneous  record  of  the  electric 
and  magnetic  surface  field  for  a  subsequent 
return  stroke  recorded  on  the  aircraft  about 
10  km  away  from  the  discharge.  The  return 
stroke  occurs  at  the  same  relative  location  as 
in  figure  2  because  he  pre-trigger  mode  was  to 
2192  samples  out  of  the  possible  S192  data 
points  which  at  20  nsec  becomes  43.8  ysec.  The 
10  to  90  percent  risetime  for  71  subsequent  re¬ 
turn  strokes  showed  an  average  of  405  nsec  and 
a  standard  deviation  of  148  nsec  as  shown  in 
figure  7.  When  40  subsequent  return  strokes 
were  analyzed  over  a  portion  of  the  continuous 
analog  data,  the  10  to  90  percent  risetime  was 
436  nsec  with  a  standard  deviation  of  165  nsec 
as  shown  in  figure  8. 

We  have  also  calculated  the  rate  of  rise  of 
the  electric  and  magnetic  field  for  38  return 
strokes  for  which  the  horizontal  distance  from 
the  aircraft  to  the  discharge  could  be  measured. 
These  events  occurred  when  the  aircraft  was 
located  between  20  and  38  km  from  the  discharge. 
For  these  records,  there  was  only  one  small 


data  for  first  return  strokes  (a)  10-90%  overall 


Similar  measurements  were  obtained  in  the 
digital  and  the  analog  data  of  subsequent  re¬ 
turn  strokes  for  the  same  time  period.  Figure  6 


usee 


Fig  6.  Typical  subsequent  stroke  magnetic  field 
(top)  and  electric  field  (bottom)  wave¬ 
forms  about  10  km  away. 


nsec 

Fig  7.,  Histogram  of  the  risetimes  (10-90%)  of 
the  digital  data  for  subsequent  return 
strokes. 
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the  analog  data  for  subsequent  return 
strokes. 


isolated  thunderstora  cell  and  £h?  distance 
from  the  aircraft  to  the  cell  could  be  measured 
accurately  by  using  the  display  of  the  airborne 
radar.  The  calculated  values  for  the  rate  of 
rise  of  the  fields  were  converted  to  the  rate 
of  rise  cf  the  currents  in  the  channel  by  using 
the  results  derived  by  Uman  et  al .  (11)  which 
-Assumes  a  fixed  current  waveshape  propagating 
up  a  straignt  vertical  channel.  If  D  is  the 
horizon! J.  distance  to  the  channel  in 
meters  and  the  dE/dt  and  dH/dt  are  determined 
in  Volts/m, sec  and  A/m. sec,  respectively,  the 
rate  of  rise  of  the  current  can  be  calculated  by 
the  following  equations: 

di/dt  =(( dE/dt )D)/20 
or  di/dt  =  6wD (dH/dt) 

We  calculated  the  rate  of  rise  of  the 
current  in  the  channel  for  the  electric  and 
magnetic  field  data.  Since  these  data  were 
collected  in  the  far-field,  the  E  and  H  were 
closely  related  by  the  impedance  of  free  space. 
For  first  return  strokes,  the  rate  of  rise  was 
determined  for  both,  the  10  to  90%  of  the 
entire  waveform  end  the  10  to  90%  of  the  fast 
portion  of  the  waveform.  The  fastest  of  these 
two  rates  wae  the  one  used  in  our  averaging. 

The  average  rate  of  rise  of  the  current  deter¬ 
mined  from  either  the  electric  or  the  mag¬ 
netic  field  for  38  return  strokes  was 
A. 39  x  10  uA/sgc  and  the  standard  deviation 
was  2.39  x  10  u  A/sec,  The  calculated  values 
ranged  from  5.8  x  10’  A/sec  to  1.03  x  10'  A/sec. 

CONCLUSION 

We  have  provided  riaetime  statistics  for 
a  sufficiently  large  number  of  first  and  sub¬ 
sequent  return  strokes  such  that  some  general 
conclusions  could  be  established.  Since  the 
current  in  the  channel  has  the  same  structure 
than  thn  radiated  fields  (11),  these  result a 
can  be  interpreted  as  estimates  of  the  current 
in  the  channel.  Our  average  calculated  rise- 


times  (10  to  90%)  for  the  entire  first  return 
stroke  are  comparable  to  those  used  for  stan¬ 
dard  test  waveforms,  but  the  risetime  of  the 
fast  portion  of  the  first  return  stroke  can 
produce  rate  of  rise  faster  than  those  of  the 
overall  waveform.  In  addition,  the  subsequent 
return  strokes  analyzed  here  have  an  average 
risetime  of  AQ5  nsec  and  can  produce  a  rate  of 
rise  larger  than  those  of  the  standard  2/50 
test  waveform. 

Tho  average  rate  of  rise  of  the  current  inQ 
the  channel  for  38  return  strokes  of  4.29.x  101U 
A/sec  is  lower  than  the  average  1.5  x  10 '  A/sec 
estimated  by  Weidman  and  Krider  (7),  but  consid¬ 
erable  larger  than  the  average  measured  rate  of 
rise  of  the  current  on  top  of  towers  (9). 

Two  factors  have  not  besn  accounted  for  on 
our  measurements.  First  of  all,  over  these 
distances  of  10  to  35  km,  the  measured  fields 
suffer  attenuation  of  their  high  frequency 
components  due  to  propagation  along  the  earth. 
For  a  distance  of  about  30  km,  the  1  MHz  compo¬ 
nent  might  be  attenuated  by  a  factor  of  2  with 
respect  to  the  signal  propagating  on  a  perfectly 
conducting  surface  (3).  Taking  this  problem 
into  consideration,  the  average  trae  risatime 
cf  the  current  in  the  channel  might  be  about 
half  of  the  calculated  value.  Furthermore, 
we  have  not  considered  the  effect  of  the  air¬ 
craft  on  the  measurements.  The  lower  aircraft 
resonant  frequencies  are  3.70  and  A. 95  MHz  and 
any  measurements  of  the  surface  fields  at  these 
frequencies  or  higher  will  be  affected  by  the 
presence  of  the  aircraft.  However,  the  fre¬ 
quency  response  of  the  major  component  of 
most  of  the  return  strokes  analyzed  here  were 
below  3.7  MHz  and  the  effect  of  the  aircraft 
resonance  for  these  far-field  waveforms  is 
considered  negligible. 
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ABSTRACT  j 

A  WC-130  aircraft  was  used  as  an  airborne  platform  for  broadband 
electric  and  magnetic  field  sensors  to  measure  the  surface  fields  on 
the  airframe  from  lightning  strikes  in  the  7  -  35  km  range.  The  wave¬ 
forms  were  recorded  digitally,  with  a  sample  interval  of  20  nsec  and  a 
time  window  of  164  microseconds.  Since  the  aircraft  was  above  15,000 
feet,  end  the  lightning  source  was  relatively  nearby,  the  effects  of 
ground  propagation  were  minimized.  Spectra  have  been  obtained  for 
the  stepped  leader,  first  return  stroke,  and  subsequent  return  stroke 
over  the  frequency  range  100  kHz  to  20  MHz.  These  spectra  are 
compared  to  published  date  of  lightning  field  spectra  obtained  from 
ground-based  measurements.  With  airframe  resonances  and  field  enhance¬ 
ment  effects  removed,  the  date  have  two  primary  applications: 

/l)  To  add  to  the  data  base  for  the  nearby  lightning  strike 
threat:  ar\d 

(£)  To  Infer  characteristics  of  the  stepped  leader,  first 
return  stroke,  and  subsequent  return  stroke  processes. 

Recommendations  for  thsss  applications  are  presented. 

A" 
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ATTENTION  HAS  BEEN  GIVEN  in  recent  years  to  char¬ 
acterization  of  unwanted  sources  of  electromag¬ 
netic  interference,  such  as  lightning  or  nuclear 
EHP,  that  may  interact  with  aircraft  and  impair 
mission  capability.  The  use  of  non-metallic  air¬ 
frame  materials  and  solid-state  avionics  aggra¬ 
vates  the  problem  by  reducing  electromagnetic 
shielding  and  lowering  damage  or  upset  thresholds 
on  new  generation  aircraft.  Measurements  of 
lightning  fields  and  currents,  indicating  the 
level  of  the  hazards,  have  been  made  on  the 
ground  for  several  years.  Recently,  wide  band¬ 
width  measurements  of  lightning  fields  and  cur¬ 
rents  have  been  recorded  on  aircraft  in  flight  to 
obtain  a  more  pertinent  threat  characterization. 
As  a  part  of  this  characterization,  it  is  neces¬ 
sary  to  consider  the  electromagnetic  effect  of 
the  aircraft  on  the  measurements  so  that  a  gener¬ 
ic  threat  definition  may  be  derived. 

In  1979  the  Air  Force  Flight  Dynamics  Labor¬ 
atory,  in  conjunction  with  the  National  Oceanic 
and  Atmospheric  Administration  (NOAA) ,  initiated 
a  three-year  program  to  measure  the  properties  of 
lightning  encountered  in  flight  (1).  A  NOAA  WC- 
130  "Hurricane  Hunter"  aircraft  was  fitted  with 
sensors  for  measuring  nearby  and  direct  lightning 
strikes.  A  sophisticated  data  acquisition  system 
designed  for  repetitive  wide  bandwidth  transient 
measurements  was  developed  by  the  Micro  Fro  Com¬ 
pany  and  installed  in  the  WC-130.  More  than  one 
hundred  flight  hours  were  logged  over  the  three- 
year  period  and  several  hundred  wide  bandwidth 
lightning  measurements  were  recorded.  Progress 
and  results  of  this  research  are  documented  in 
references  (1)  through  (4) . 

In  this  paper,  we  have  analyzed  the  frequen¬ 
cy  characteristics  of  three  lightning  transients 
—  stepped  leader  pulses,  first  return  strokes, 
and  subsequent  return  strokes,  recorded  on  the 
WC-130.  Wide  bandwidth  magnetic  field  measure¬ 
ments  were  Fourier  transformed,  averaged,  and 
normalized  for  range.  The  results  are  compered 
with  published  frequency  spectra  from  similar 
field  measurements  obtained  on  the  ground. 

INSTRUMENTATION 

The  sensors  and  instrumentation  used  on  the 
WC-130  have  been  described  in  detail  in  reference 
(4).  The  specific  equipment  used  to  obtain  the 
data  for  this  study  are  reviewed  next.  Magnetic 
field  waveforms  were  obtained  from  a  single  wide¬ 
band  sensor  mounted  on  the  centerline  of  the  up¬ 


per  fuselage  of  the  WC-130  approximately  seven 
meters  from  the  nose  of  the  aircraft  (Bj  in  Fig¬ 
ure  1).  The  sensor  was  an  EG&G  model  CML-7  cyl¬ 
indrical  Moebius  loop  B-Dot  sensor  (5,6)  that 
produces  an  output  voltage  proportional  to  the 
derivative  of  the  magnetic  field  over  a  38  MHz 
bandwidth.  A  second  B-Dot  sensor  (B2)  was  posi¬ 
tioned  adjacent  to  the  first  and  oriented  to  re¬ 
spond  to  magnetic  flux  parallel  to  the  wing  axis 
as  shown  in  Figure  1.  This  sensor  was  used  in 
conjunction  with  Bi  and  an  electric  field  sensor 
to  assist  in  locating  the  lightning  strikes.  The 
arrows  in  Figure  1  indicate  the  direction  of  in¬ 
creasing  field  for  a  positive  sensor  output  vol¬ 
tage. 

B-Dot  sensor  outputs  v  transmitted 
through  Merit  fiber  optic  d.  inks  to  instru¬ 
mentation  inside  the  aircraft.  The  signals  were 
logarithmically  compressed,  digitized,  and  encod¬ 
ed  on  magnetic  tape.  A  partial  block  diagram  of 
the  instrumentation  is  shown  in  Figure  2.  The 
digitizing  was  performed  with  a  Micro  Pro  model 
PR7901  digital  transient  recorder  with  a  20  ns 
sample  period,  8  bit  amplitude  resolution  and  164 
ps  sample  window.  Forty  microsecondn  of  pretrig¬ 
ger  sampling  was  programmed  into  the  Igitizer  so 
that  leader  pulses  preceeding  return  strokes 
could  be  recorded. 

An  electric  field  sensor  wee  mounted  direct¬ 
ly  eheed  of  the  B-Dot  sensors  on  the  upper  fuse¬ 
lage  of  the  aircraft.  The  sensor  output  wee 
integrated  electronically  and  recorded  on  two 
wideband  FM  channels  of  a  Honeywell  model  101 
analog  tape  recorder.  Recorded  bandwidth  of  the 
electric  field  was  0.1  Hz  to  500  kHz.  The  analog 
recorder  also  recorded  a  logic  pulse  indicating 
the  time  of  digital  transient  recorder  triggering. 
Trigger  pulse  location  within  the  overall  elec¬ 
tric  field  waveform  was  the  first  criteria  used 
to  categorize  the  digitized  date  (Figure  3).  Re¬ 
finement  of  the  categorization  was  obtained 
through  examination  of  the  fine  structure  of  the 
digitized  waveform. 

AIRCRAFT  EFFECTS  -  We  have  simplified  the 
interpretation  of  the  magnetic  field  measurements 
to  a  certain  degree  by  careful  positioning  of  the 
B-Dot  sensor.  By  positioning  the  sensor  in  the 
plane  defined  by  the  wingo  and  upper  fuselage 
surface,  and  orienting  it  to  respond  to  magnetic 
flux  parallel  to  the  fuselage  axis  and  perpendic¬ 
ular  to  the  wing  structure,  we  have  made  It  in- 
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sensitive  to  magnetic  fields  and  resonances  asso- 
-  ciated  with  axial  wing  and  fuselage  current  flow. 
Some  coupling  of  resonant  responses  is  evidenced 
in  the  time  domain  Waveforms  due  to  non-ideal 
symmetry  (8). 

Field  enhancement  due  to  the  aircraft  struc¬ 
ture  can  be  determined  in  the  manner  described  by 
Taylor  (9,10).  The  aircraft  fuselage  is  modeled 
as  a  cylinder  with  the  axial  component  of  the 
magnetic  field  at  the  surface  given  by 

Hi  “  Hii*111  (l-j2kacos0) 

where  Hi^nc  is  the  incident  magnetic  field,  a  is 
the  fuselage  radius,  kB2tr/X  and  6  is  measured  up¬ 
ward  from  the  direction  of  incidence  along  the 
fuselage  circumference.  This  equation  is  valid 
for  broadside  incidence  where  (ka)^<<l.  For  most 
of  our  data,  the  aircraft  is  positioned  so  that 
the  cosine  function  in  the  second  term  goes  to 
zero.  In  the  worst  case,  8  would  be  45°  and  the 
second  term  would  result  in  an  enhancement  of 
high  frequencies.  This  enhancement  would  be  be¬ 
low  3  dB  at  20  MUz,  however,  and  less  at  lower 
frequencies.  Therefore,  the  resultant  magnetic 
field  parallel  to  the  fuselage  axis  at  the  Bj 
sensor  location  is  approximately  equal  to  the  in¬ 
cident  magnetic  field  at  this  point. 

RANGE  DETERMINATION  -  Distances  to  thunder¬ 
storms  were  determined  from  radar  patterns  ob¬ 
tained  during  flight.  The  radar  data  were  re¬ 
corded  on  digital  tape  and  processed  later  by 
computer  for  analysis.  Lightning  data  were  se¬ 
lected  from  storm  cells  that  could  be  clearly 
identified.  When  several  storm-  cells  were  active 
around  the  aircraft,  ambiguities  in  locations 
were  resolved  by  examining  the  polarities  and  re¬ 
lative  amplitudes  of  the  B-Dot  signals.  Since 
the  precise  location  of  the  return  stroke  within 
storm  cells  was  unknown,  lightning  location  ac¬ 
curacy  deteriorated  with  decreasing  thunderstorm 
range. 

DATA  PROCESSING 


quent  stroke  and  stepped  leader  waveforms  are 
shown  in  Figures  6  and  7,  respectively. 

A  fast  Fourier  transform  of  the  data  was 
calculated  using  a  rectangular  window  according 
to  the  following  equation: 

N^l  -j  (2itmn/N) 

X(mF)  -  t£  x(nT)e 
n**Q 

where  T  is  the  sample  interval,  N  is  the  number 
of  samples,  F  -  1/NT,  m  -  0,1,,..,  N/2,  x(nT) 
is  the  sampled  magnetic  field  data,  and  X(mF)  is 
the  complex  spectra  value  (7).  With  512  samples 
and  a  20  ns  sample  period,  spectra  values  are 
calculated  at  discrete  frequency  increments  of 
approximately  97  kHz.  Since  field  derivatives 
were  recorded,  the  time  waveform  was  near  zero  at 
the  beginning  and  end  of  the  10.24  pa  interval, 
minimizing  errors  introduced  by  abrupt  transi¬ 
tions  at  the  boundaries  of  the  window.  Magni¬ 
tudes  of  the  frequency  spectra  were  normalized  to 
a  distance  of  50  km  assuming  a  1/r  relationship, 
where  r  is  the  distance  from  the  thunderstorm  to 
the  aircraft,  and  corrected  for  angle  of  inci¬ 
dence  to  the  sensor  by  dividing  by  the  sine  of 
the  angle  from  the  aircraft  nose  to  thunderstorm 
location.  Spectra  magnitudes  were  then  averaged 
at  each  frequency  and  standard  deviations  calcu¬ 
lated.  The  derivative  response  of  the  sensor  was 
accounted  for  by  dividing  the  spectra  magnitudes 
by  radian  frequency  w,  The  resulting  values  ware 
expressed  in  decibels  using 

H  (u>)  (dB)  -  20  Log10  [|H(ju)|  ] 

where  the  horizontal  bar  denotes  mean  and 

the  vertical  bars  |  |  denote  magnitude.  Stand¬ 
ard  deviations  (a  (w) )  were  referenced  to  average 
values  and  expressed  in  decibels  using 

SD  (w)  (dB)  -  20  Logi0  £  |H(»I  +  a(w)/|HUw)|  J 
RESULTS 


The  digitized  lightning  data  was  scaled, 
anti-logged  and  numerically  integrated  to  display 
the  field  waveshape.  A  typical  overall  data  win¬ 
dow  and  the  integration  are  shown  in  Figure  3.  A 
10.24  vs  (512  sample  points)  time  Interval  con¬ 
taining  the  data  of  Interest  was  selected  from 
the  overall  waveform  for  processing.  For  first 
return  strokes,  the  Interval  was  chosen  to  in¬ 
clude  the  slow  front  of  the  field  waveform  but  to 
exclude  stepped  leader  pulses.  Consequently,  the 
derivative  Impulse  corresponding  to  the  fast 
front  of  the  return  stroke  was  placed  about  2  to 

4  us  after  the  baginning  of  the  interval.  Figure 

5  shows  a  first  return  stroke  derivative  waveform 
and  the  numerical  integration  recorded  at  9  kilo¬ 
meters.  Subsequent  return  stroke  waveforms  were 
positioned  approximately  1  to  2  ps  after  the  be¬ 
ginning  of  the  10.24  ps  interval.  For  stepped 
leader  pulses,  4  ps  of  data  containing  the  pulse 
was  positioned  at  the  beginning  of  the  Interval 
and  the  remaining  6.24  ps  set  to  zero.  Bubae- 


The  data  were  recorded  during  several  storms 
occurring  on  25  August  and  26  August  1981  at  an 
altitude  of  5.2  km.  Ten  first  return  strokes  at 
a  range  of  11  km  to  35  km  and  nine  subsequent  re¬ 
turn  strokes  at  a  range  of  7  km  to  28  km  ware  se¬ 
lected  for  processing.  The  last  stepped  leader 
pulse  preceeding  the  return  stroke  was  processed 
from  nine  of  the  first  stroke  waveforms.  Subse¬ 
quent  strokes  showing  dart-stepped  leaders  were 
excluded  from  the  data  set. 

Average  spectra  values  for  first  return 
strokes,  subsequent  strokes  and  leader  pulses  era 
plotted  iu  Figures  8  through  10,  respectively.  A 
linear  interpolation  between  data  points  is  also 
plotted.  Spectra  magnitude s  at  selected  frequen¬ 
cies  are  tabulated  in  Tabl^  1  along  with  standard 
deviations, 

TRENDS  IN  SPECTRA  WITH  FREQUENCY  -  Average 
spectra  values  at  100  kHz  are  -142  dB  for  both 
first  and  subsequent  return  strokes  And  20  dB 
lowor  for  leader  puleea.  All  three  seta  of  data 
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decrease  approximately  inversely  with  frequency 
(f)  to  about  1  MHz  and  decrease  more  rapidly  at 
higher  frequencies.  Approximate  trends  in  aver¬ 
age  spectra  amplitude  with  frequency  are  summar¬ 
ized  in  Table  2. 

First  stroke  spectra  show  a  decrease  propor¬ 
tional  to  1/ f 2  from  800  kHz  to  5  MHz.  Beyond  5 
MHz  there  is  a  slight  dip  in  the  spectra  and  then 
the  amplitudes  tend  toward  1/f  dependence. 

Subsequent  stroke  spectra  maintain  the  ini¬ 
tial  1/f  slope  from  100  kHz  out  to  1.2  MHz  and 
then  decrease  rapidly  until  3.5  MHz.  This  spec¬ 
tra  also  regains  a  1/f  slope  by  20  MHz. 

Leader  pulses  show  less  relative  energy  at 
low  frequencies  with  a  decrease  of  16  dB  from 
100  kHz  to  1  MHz  rather  than  20  dB  as  in  the  case 
of  the  return  strokes.  Beyond  1  MHz  the  spectra 
decreases  proportional  to  1/f. 

Evidence  of  aircraft  resonances  is  visible 
in  the  graphs  in  the  3  to  5  MHz  region. 

STANDARD  DEVIATIONS  -  Standard  deviations 
are  greatest  for  leader  pulse  spectra  and  smal¬ 
lest  for  subsequent  stroke  spectra  as  indicated 
in  Table  1.  The  larger  leader  pulse  standard 
deviations  are  indicative  of  the  more  random 
structure  of  the  leader  waveshapes  as  well  as  a 
lower  signal  to  noise  ratio.  Since  leader  pulse 
data  were  extracted  from  the  return  stroke  wave¬ 
forms,  the  signal  to  noise  ratio  would  be  a  fac¬ 
tor  of  two  to  five  lower  for  leader  pulses  than 
for  first  return  strokes  (for  derivative  magnetic 
field  data) .  Subsequent  stroke  standard  devia¬ 
tions  are  low,  particularly  at  lower  frequencies, 
suggesting  uniformity  in  different  return  stroke 
waveshapes . 

COMPARISON  TO  PUBLISHED  SPECTRA  -  Frequency 
spectra  derived  from  broadband  ground-based  elec¬ 
tric  field  measurements  have  been  obtained  by 
Ssrhan  (11)  and  more  recently  by  Weidman  (12). 
Serhan  calculated  spectra  from  2  kHz  to  700  kHz 
for  measurements  recorded  from  1.5  km  to  200  km. 
Wuldman  obtained  spectra  of  electric  fields  from 
100  kHz  to  20  MHz  for  measurements  at  30  to  50  km 
where  propagation  was  over  saltwater  so  that  the 
effects  of  ground  wave  attenuation  were  minimized. 

Weidman' a  date  for  first  return  strokes  show 
a  spectral  amplitude  of  about  -95  dB  at  100  kHz, 
a  slope  of  1/f  to  2  MHz,  1/f2  to  10  MHz,  and  1/f5 
beyond  10  MHz.  These  trends  are  similar  to  the 
WC-130  data  with  two  exceptions  —  the  transition 
from  slopes  of  1/f  to  1/f*  occurs  at  800  kHz  ra¬ 
ther  than  2  MHz;  and  the  data  shows  no  rapid  de¬ 
crease  in  spectral  amplitude  beyond  10  MHz  for 
the  aircraft  data. 

A  comparison  in  spectral  amplitudes  between 
the  air  and  ground-baaed  data  is  difficult  for 
several  reasons.  For  identical  waveshapes,  spec¬ 
tra  amplitudes  should  be  proportional  to  waveform 
amplitudes.  With  different  frequency  characteris¬ 
tics,  however,  the  proportionality  becomes  a 
function  of  frequency.  Also,  aircraft  waveforms 
are  obtained  at  varying  range  and  elevation  from 
the  return  stroke  which  precludes  s  direct  com¬ 
parison  with  ground-based  data  at  a  fixed  posi¬ 
tion.  Examination  of  the  first  stroke  date 
shows  a  ratio  of  112  to  1120  for  alactric  field 


spectra. on  the  ground  versus  magnetic  field  on 
the  aircraft  over  a  500  kHz  to  5  MHz  frequency 
range.  '  This  bounds  the  impedance  of  free  space 
(3770)  -that  would  be  expected  for  simultaneous, 
distant,  ground-based  electric  and  magnetic  field 
data  (13) . 

SUMMARY 

We  have  calculated  the  frequency  spectra  of 
broadband  lightning  magnetic-  fiald  measurements 
recorded  on  a  WC-130  aircraft  in  flight.  The 
data  were  recorded  at  a  range  of  7  to  35  kin. 
Spectra  valuas  ware  calculated  from  100  kHz  to 
20  MHz  for  stepped  leader  pulses,  first  raturn 
strokes  and  subsequent  return  strokes.  Spectra 
amplitude  trends  with  frequency  were  extracted 
end  compared  with  trends  of  published  ground 
based  spectra.  From  the  data  we  cen  infer  the 
following  lightning  characteristics: 

1.  First  and  subsequent  return  atrokoe 
have  similar  energy  levels  in  the  100  kHz  to  20 
MHz  frequency  range. 

2.  The  initial  transition  point  from 
slopes  of  1/f  to  ateaper  slopes,  occurring  at  800 
kHz  for  first  strokes  end  1.2  MHz  for  subsequent 
strokes,  is  probably  indicative  of  faster  subse¬ 
quent  stroke  risatimas. 

3..  Leader  spectre  lie  14  to  20  dB  be¬ 
low  first  stroke  spectre  at  low  frequencies  sug¬ 
gesting  s  factor  of  5  to  10  difference  in  magnet¬ 
ic  field  amplitude. 

4.  Subsequent  stroke  spectre  show  a 
relatively  small  standard  deviation  suggesting  a 
uniformity  of  waveshape  among  independent  return 
strokes.  Although  some  of  thaae  characteristics 
could  bs  observed  from  time  domain  waveforms,  one 
significant  feature  that  is  extracted  by  Fourier 
analysis  is  the  presence  of  high  frequency  energy 
beyond  10  MHz  that  is  not  observed  with  ground- 
based  measurements.  From  our  analysis,  this  doss 
not  appear  to  be  characteristic  of  the  recording 
system  or  airframe  enhancement  but  rather  an  in- 
harant  feature  of  the  lightning  fields. 
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Table  1  -  Average  Spectra  Values  and  Standard  Deviations  in  Decibels 


Frequency 

First 

Mean 

Strokes 

SD 

100  kHz 

-142 

2.4 

200  kHz 

-152 

4.5 

500  kHz 

-158 

3.7 

1MHz 

-170 

3.1 

2  MHz 

-177 

3.4 

5  MHz 

-196 

4.2 

10  MHz 

-210 

3.5 

15  MHz 

-213 

2.9 

20  MHz 

-218 

4.6 

Subsequent  Strokes  Leaders 


Mean 

SD 

Mean 

SD 

-142 

2.1 

-162 

4,2 

-146 

2.2 

-166 

3.5 

-156 

2.8 

-172 

3.1 

-164 

2.5 

-179 

4.0 

-177 

3.0 

-191 

4.3 

-196 

4.0 

-205 

4.2 

-209 

3.3 

-216 

3.9 

-215 

5.2 

-220 

3.6 

-221 

4.6 

-225 

4.7 

Table  2  -  Variations  of  Spectra  Amplitude  with  Frequency 
First  Return  Strokes  Subsequent  Return  Strokes  Pulses 


0.1  -  0.8  MHs  1/f 

0.8  -  5.0  MHz  l/f2 

5.0  -  20  MHs  1/f 


0.1  -  1.2  MHs  1/f 

1.2  -  3.5  MHs  1/f3 

10  -  20  MHs  1/f 


0.1-l.OMHz  -16dB/decsde 
1.0  -  20  MHs  1/f 
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Fig.  3  -  Strip  chart  of  aircraft  electric  fiald 
(center  traca),  digital  triggar  pulse  (first 
pulse  on  top  trace)  and  IRIG-B  tine  code  (bottom 
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Fig.  4  -  Overall  graph  of  digital  magnetic  field 
derivative  data  (H,  top  trace)  and  the  numerical 
integration  (bottom  trace) 
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Fig.  5  -  Ten  microsecond  data  window  for  first 
return  stroke  waveform  at  9.5  km  with  maser  leal 
integration 
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Fig.  6  -  Ten  microsecond  date  window  for  subse¬ 
quent  return  stroke  waveform  at  10.4  km  with 
numerical  integration 
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Fig.  9  -  Graph  showing  average  spectra  amplitude 
in  dicibals  versus  log  frequency  for  subsequent 
return  strokes 


Fig,  7  -  ten  microsecond  data  window  for  leader 
pulse  waveform  at  approximately  11  km  with  numer¬ 
ical  integration 


Fig.  8  -  Graph  showing  average  spectra  amplitude  Fig.  10  -  Graph  showing  average  spectra  amplitude 
in  decibels  versus  log  frequency  for  first  return  in  decibels  versus  log  frequency  for  leader 
strokes  pulses 
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ABSTRACT 


V 


In  a  ground  avaluatlon  of  an  alrborna  lightning  locator  ayatau,  lightning 
atroka  rataa  par  4  minutaa  worn  compared  with  aircraft  turbulanca  during 
thundaratoru  panatrationa.  Data  wara  taken  on  .3  thunderstorm  daya  and 
summarised  mostly  into  15-minuta  parioda  conaiatlng  of  three  to  four  aircraft 
panatrationa.  Stroke  rataa  varied  cottaiderably  and  did  not  show  a  linear 
relationship  to  aircraft  turbulence.  However,  when  average  atroka  rataa 
for  the  15-minute  parioda  increased,  aircraft  turbulanca  increased  and 
vice  varaa.  It  la  concluded  that  the  lightning  locator  system  la  a 
potentially  uaaful  thunderstorm  turbulanca  warning  device,  but  requires 
further  ground/air  testing. 


L  USoUUd 


THE  FEDERAL  AVIATION  ADMINISTRATION  (FAA)  has 
developed  a  test  bed  at  the  FAA  Technical  Center, 

,  Atlantic.  City  Airport,  N.J.,  to  make  concurrent 
'•^floppier  radar  and  aircraft  measurements  of 
^thunderstorm  turbulence.  Some  data  have  been 
analyzed  (reference  1)  and  results  indicate 
...that  Doppler  radar  has  the  potential  to  provide 
^  useful  turbulence  advisories  for  aircraft. 

In  the  summer  of  1982,  a  lightning  locator, 
I. a.,  storm  receiver,  was  Installed  at  the  radar 
site  to  Investigate  tha  relationship  between 
thunderstorm  lightning  activity  and  turbulence. 
Thu  investigation  was  carried  out  through  sn 
agreement  with  the  Naval  Air  Development  Center 
(NADC),  Warminster,  Pa.,  because  of  their 
Interest  In  developing  the  storm  receiver  (see 
paper  by  E.  Coleman,  elsewhere  in  these  proc¬ 
eedings).  The  FAA,  as  a  party  to  this  agree¬ 
ment,  was  the  vehicle  whereby  the  testing 
could  be  accomplished  with  existing  facilities, 
and  In  conjunction  with  on-going  work  to  provide 
useful  and  meaningful  Information  to  both 
parties. 

Three  concurrent  data  collections  of 
lightning,  aircraft  turbulence,  and  Doppler 
radar  data  were  made  on  separate  thunderstorm 
days.  This  paoer  reports  on  the  relationship 
between  lightning  activity  and  thunderstorm 
turbulence  shown  by  an  analysis  of  these  data 
col  lections. 

STORM  RECEIVER 

The  storm  receiver  was  developed  by  the 
Naval  Air  Development  Center,  Warminster,  Pa., 

It  Is  primarily  an  airborne  system  but  can  be 
used  on  the  ground  (see  the  Colcmen  paper,  these 
proceedings  for  a  completo  description).  The 
storm  receiver  has  two  orthogonal  loop  antennas 
responsive  to  the  N-S  end  E-W  rate  Of  change  In 
magnetic  field,  and  an  electrically  Isolated 
capacitive  plate  antenna  to  measure  the  rate 
of  chdngo  in  the  electric  field.  Azimuth 
bearing  to  each  thunderstorm  electrical /magnetic 
discharge  (stroke)  It  determined  by  sampling 
the  three  electromagnet ic  field  tlma-dnrivatlve 
wove  forms  and  comparing  them  with  other  sub- 
mi  c  rosecond  pulses  associated  with  each  lightning 
stroke,  Range  to  the  discharge  Is  computed  from 
the  ratio  of  the  total  magnetic  field  to  the 
electrical  field.  These  measurements  are  made 
on  all  electromagnetic  discharges  -  ground  to 
cloud,  cloud  to  cloud,  or  wlthjn  cloud.  Usually 
three  or  four  (but  sometimes  many  more)  strokes 
are  required  to  dlaalpato  a  potential.  These 
comprise  the  complete  lightning  event  referred 
to  as  a  "flash."  The  Individual  diocharges 
(stroke#)  ere  measured  In  hundreds  of  micro¬ 
seconds,  separated  In  time  by  10's  of  milli¬ 
seconds,  Sometimes  lightning  appears  to 
flicker  as  observed  through  the  human  eye. 

This  Is  caused  by  tha  eye  discerning  the 
Individual  strokes  that  make  up  the  flash. 

The  storm  receiver  measures  the  vertical 
component  of  the  Individual  discharges  whether 
ground  to  cloud,  cloud  to  cloud,  or  within 
cloud.  Tha  system  operates  in  the  1.5  kHz  to 


15  MHz  frequency  region  up  to  a  200-nmi  radius. 
Received  signals  are  displayed  on  a  PPI-type 
CRT  with  compass  bearings  and  range  rings. 

The  display  range  Is  adjustable  to  200  nml ,  but 
was  set  to  50  nmi  for  these  tests.  Strokes 
more  than  A  minutes  old  are  automatically 
removed  from  the  display,  which  can  also  be 
cleared  manually.  All  data  are  recorded  on 
special  cassette  tape  for  later  analysis. 

RADAR  TEST  BED 

The  Instrumentation  radar  Is  one  channel 
of  a  standard  dual-channel  Airport  Surveillance 
Radar  (ASR)-8  Interconnected  to  a  15-foot 
parabolic  antanna.  Peak  power  is  1  MW,  trans¬ 
mitter  frequency  27S0  MHz,  PRF  1030  pps,  pulse 
length  0.6  p s,  and  antenna  two-way  beamwidth 
1,2®.  The  system  maximum  range  Is  60  nml,  but  , 
data  are  taken  only  to  AO  nml  to  keep  pulse 
volumes  small.  Data  are  taken  on  a  grid  of 
range-azimuth  cells  In  a  window  controllable 
In  range  and  azimuth  dimensions,  but  generally 
set  for  about  10  nml  x  10  nml.  As  the  antenna 
sweeps  the  window,  a  262K  buffer  memory  is 
filled  with  21-Llt  digital  words  of  ItQ  in¬ 
format  loti  from  each  pulse-volume.  The  data 
are  read  out  on  tape  through  a  NOVA  computer, 
which  also  computes  fields  of  radar  reflectivity 
farter,  Doppler  mean  velocity,  and  Doppler 
spectrum  width  in  terms  of  the  cube  root  of 
&  (turbulence  dissipation  rate)  for  display 
In  the  window.  During  these  operations,  the 
antenna  Is  returned  to  the  starting  azimuth 
to  await  another  sweep  commend.  Time  between 
scans  la  approximately  80  seconds.  The  station- 
keeping  radar  Is  an  ASR-7  (S-band,  60-nml  range). 
Associated  with  it  Is  a  beacon  Interrogator  and 
a  precipitation  contouring  system  to  monitor 
storm#  of  lntare*t.  The  Instrumentation  radar 
window,  aircraft  beacon  track,  and  ASR-7 
precipitation  contours  are  shown  on  a  common 
display. 

AIRCRAFT  EQUIPMENT 

A  Convalr-580  turboprop  aircraft  wa* 
used  to  penetrate  thunderstorms.  The  aircraft 
Is  equipped  with  a  center-of-nravl ty  (CD) 
accelerometer  (20  samples/sec) ,  a  differential 
Pitot  pressure  transducer  (100  samples/sec), 
an  altitude  transducer,  Rosemount  temperature 
probe,  crystal-controlled  clock,  and  Litton  INS, 
all  sampling  at  1/sec.  Data  are  digitized 
and  recorded  on  magnetic  tape. 

DATA  COLLECTION 

The  aircraft  was  launchad  when  thunder¬ 
storms  were  occurring  within  A0  nml  of  the 
radar.  National  Weather  Service  WSR-57  radar 
Video  Integrator  and  Processor  (VIP)  level 
three  and  four  storms  (Al-AS  dBZ-heavy  and 
A6-50  dBZ-very  heavy,  respectively)  were 
preferred.  VlP  Icvei  five  and  six  storms  were 
avoided  because  ov  the  high  probability  of 
damaging  hall.  The  aircraft  was  flown  In  an 
altitude  block  of  3,000  to  5,000  feet  to  avoid 
encroaching  on  the  New  York  Air  Route  Traffic 
Control  Canter  airspace. 
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RADAR  MEASUREMENTS  -  The  I  6  a  components 
(196  pulses)  for  each  pulse  volume  (90  m  by  1.2°) 
are  recorded  range  sequentially.  They  are  then 
reordered  In  azimuth  and  the  first  three  auto¬ 
correlation  -lags  determined.  The  lags  are  used 
to  compute  the  corresponding  Doppler  moments 
(radar  reflectivity  factor,  mean  velocity, 
and  spectrum  width)  through  specific  pulse- 
pair  algorithms  (reference  2).  j.. 

The  spectrum  width  is  converted  to  £  by 
the  following  equation  : 


(cm^/^aec-^)  (1) 


1.352  • 


where  au  is  the  spectrum  width  (cm  sec"  ), 

C  Is  the  turbulence  dissipation  rate  (cm2 
sec‘3,  "a"  Is  the  Gaussian  half-power  beam- 
width  (cm),  and  1.352  is  composed  of  known 
constants,  assuming  isotropic  and  homogeneous 
turbulence.  Since  "a"  is  a  function  of  range, 
the  cube  root  of  £  is  essentially  a  range- 
weighted  spectrum  width  and,  as  such,  should 
be  superior  to  spectrum  width  as  a  turbulence 
measure. 

The  turbulence  dissipation  rate  (reference 
3)  represents  the  kinetic  energy  converted  to 
heat  per  unit  mass  per  unit  time  as  the  larger 
eddies  decay  Into  progressively  smaller  eddies. 
The  system  is  steady-state  in  the  Inertial 
subrange  where  atmospheric  motions  are  isotropic. 

The  beacon  track  of  the  aircraft  is 
smoothed  and  interpolated  to  produce  positions 
points  at  one-second  Intervals.  The  radar  data 
fields  for  each  scan  are  also  smoothed  and 
interpolated.  The  radar  moments  at  the  locations 
of  the  1-second  aircraft  position  points  are 
then  extracted,  allowing  each  radar  scan  to 
cover  the  period  from  approximately  40  seconds 
before  to  40  seconds  after  scan  time.  This 
provides  continuous  radar  data  along  the  air¬ 
craft  track  during  thunderstorm  penetrations. 
(Note:  Radar  processing  programs  were  not 
available  to  produce  these  data  for  the  missions 
discussed  In  this  report.) 

AIRCRAFT  MEASUREMENTS  -  The  aircraft  . 
turbulence  parameter  is  a  combination  of  £  3 

derived  both  from  the  CG  accelerometer  and  Pitot 
pcessure  (airspeed)  fluctuations. 

The  value  derived  from  the  accelerometer 
Is (reference  2): 


CLasc1/2P 


(c*2/3a#c-l)  (2) 


where  D  is  the  acceleration  structure  function 
assuming  Isotropic,  homogeneous  turbulence,  C 
is  the  universal  constant  (1.77),  V  is  true 
airspeed,  p  is  air  density, .M  Is  aircraft  mass, 

C,  the  wing  lift  curve  slo£e,  and  S  the  wing  area. 

L<t 


£a1/3  was  computed  each  second  by  continuously 
averaging  over  a  7.5-second  interval  Rising 
a  cosine  squared  weighting. 

The  value  derived  from  the  airspeed 
fluctuations  is  (reference  2): 


1/3  \^Dy 


(cm2/^sec”l) 


0 111  r1'3 


where  Dv  Is  the  acceleration  structure  function 
assuming  Isotropic,  homogeneous  turbulence, 
r  Is  the  distance  between  successive  airspeed 
measurements,  and  C  the  universal  constant 

(l'77)-  1/3 

Ep  was  computed  each  second  by 
continuously  averaging  .over  a  7.5  second 
Interval  using  a. cosine  squared  weighting. 

The  two  £1/J  values  were  combined 
Into  one  by  the  following  equation: 


£3'3 .  o*1'3)2 


The  factor 
the  mean 
by: 


determined  by  minimizing  ... 

fuaon  ^  anH  S'  *  * 


are  error  between 


mean  square  error 


£(€y3-xe^/3)2 


where  N  ■  number  of  data  pairs.  The  minimum 
was  determined  by  taking  the  partial  derivative 
with  respect  to  A  and  setting  it  equal  to  zero. 
The  factor  A  was  found  to  be  1.04  based  on  five 
1982  thunderstorm  flights  with  the  Convair-580 
aircraft.  This  was  used  in  equation  (4)  to 
compute  the  combined  aircraft  turbulence 
parameter. 

An  aircraft  turbulence  scale  based  on  £ap' 
has  been  established  from  1980,  1981,  and  1982 
data  which  agrees  closely  with  recorded  pilot 
reports  of  turbulence  severity.  This  scale  is 
shown  In  table  1. 

STORM  RECEIVER  -  The  vertical  components 
of  ground  to  cloud,  cloud  to  cloud,  and  intra¬ 
cloud  discharges  were  detected  and  converted 
to  stroke  rates  per  4-mlnutes  for  pie  shaped 
wedges  extending  from  the  radar  site  to 
approximately  50  nmi.  The  azimuth  dimensions 
were  chosen  to  cover  the  aircraft  track  during 
thunderstorm  penetrations.  (See  Colemen  paper, 
these  proceedings,  for  system  procedure  for 
diagnosing  discharges  (strokes.) 


i 


DATA  ANALYSIS 

Concurrent  storm  receiver  data,  aircraft 
turbulence  data,  and  ASR-8  radar  data  were 
obtained  on  7/28/82,  8/17/82,  and  8/23/82. 

A  summary  of  these  data  is  shown  in  tables  2, 

*3,  and  4,  respectively,  for  periods  of  approx¬ 
imately  15  minutes  consisting  of  three  to  four 
aircraft  penetrations.  The  aircraft  turbulence 
is  in  terms  of  the  maximum  experienced  during 
the  period,  eithtr  in  the  moderate  category 
or  the  severe  category  (see  table  1).  The 
lightning  data  are  the  average  of  the  4-minute 
stroke  rates  through  the  period  and  the  maximum 
4-minute  stroke  rate.  The  NWS  WSR-57  radar 
Video  Integrator  and  Processor  (VIP)  thunder¬ 
storm  precipitation  intensity  levels  and  cell 
heights  in  thousands  of  feet  are  also  shown. 

These  were  obtained  from  hourly  PPI  plots 
prepared  by  the  local  NWS  station.  VIP  levels 
of  interest  are  level  (L)  3i  41-45  dBZ,  heavy; 
L4:  46-50  dBZ,  very  heavy;  L5:  51-56  dBZ, 

Intense;  L6:  >57  dBZ,  very  intense.  The 

ASR-8  maximum  VIP  levels  and  thunderstorm 
turbulence  indications  for  approximately  the 
5,000-foot  level  are  shown.  These  entries  were 
obtained  from  the  array  of  dBZ  and  e  values 
displayed  in  the  ASR-8  data  window  during  the 
periods.  The  ASR-8  VIP  is  less  than  the  NWS 
VIP  because  the  NWS  radar  probes  higher  altitudes 
where  radar  reflectivity  is  normally  greater. 

The  ASR-8  turbulence  Indication  is  approximate, 
pending  further  studies  on  the  relationship 
between  aircraft  and  radar-measured  £  . 

The  aircraft  pilot  reported  lightning  on 
most  of  the  thunderstorm  penetrations.  The 
lightning  tended  to  be  associated  with  turbulence 
peaks,  although  there  were  more  peaks  than 
reports.  Since  reports  were  not  given  In 
quantitative  terms  and  may  be  incomplete,  they 
are  not  summarized  in  the  tables. 

MISSION  OF  7/28/82  -  On  this  day  an 
intensifying  cyclone  moved  eastward,  well  north 
of  the  area,  trailing  a  cold  front  southwest- 
ward  from  the  low  center.  Severe  thunderstorms 
formed  Into  squall  lines  in  advance  of  the 
front  and  moved  from  the  west  at  30K  through 
the  Atlantic  City  area  during  the  day.  The 
aircraft  made  penetrations  of  three  of  these 
thunderstorms  at  an  altitude  of  approximately 
4,500  feet  from  1018  to  1225  EOT,  Table  2  is 
a  data  summary  for  this  mission. 

During  period  1  the  aircraft  made  three 
penetrations  of  a  NWS  VIP  L5  (trending  to  L6) 
thunderstorm  located  about  25  nmi  NNE  of  the 
radar  site.  The  NWS  radar  plots  showed  that 
this  storm  was  the  second  In  a  line  extending 
from  the  radar  site  for  125  nmi  to  the  NE. 

The  southern  part  of  the  line  formed  between 
0930  and  1000.  Stroke  rates  were  very  high 
at  the  beginning  of  the  period  with  a  steady 
decline  thereafter.  The  severe  aircraft 
turbulence  occurred  early  in  the  period  at  1021, 
during  the  maximum  stroke  rate  interval 
(1018-22).  The  ASR-8  indicated  severe  turbulence 
at  the  beginning  of  the  period  decreasing  to 
moderate  toward  the  end. 


During  period  2  the  aircraft  made  three 
more  penetrations  of  the  some  storm  which  was 
now  shown  by  NWS  to  be  VIP  L6.  However,  the 
ASR-8  5,000-foot  VIP  level  remained  at  4. 

Stroke  rates  decreased  to  moderate  levels 
through  the  period  and  only  moderate  turbulence 
was  encountered  by  the  aircraft.  The  ASR-8 
turbulence  indication  was  moderate. 

Four  penetrations  of  thunderstorm  1  were 
made  during  period  3>  Stroke  rates  increased 
appreciably  and  aircraft  turbulence  increased 
to  severe.  This  occurred  at  1058  somewhat 
before  the  maximum  stroke  rate  (79),  observed 
in  the  1101-05  interval.  The  ASR-8  turbulence 
indication  increased  to  severe. 

After  period  3,  storm  1  moved  out  or  range 
and  the  aircraft  was  vectored  to  thunderstorm 
2.  This  was  a  NWS  L5  cell  located  about  15 
nmi  NE  of  the  radar  site.  Stroke  rates  were 
quite  high  during  the  period.  However,  the 
aircraft  only  experienced  moderate  turbulence. 
This  may  be  due  to  the  fact  that  tho  aircraft 
flew  mostly  in  the  peripheral  areas  of  the 
storm  because  of  difficulty  in  obtaining  the 
desired  air  traffic  clearance.  The  ASR-8 
turbulence  indication  was  severe. 

During  period  5,  three  more  penetrations 
were  made  into  thunderstorm  2.  Stroke  rates 
averaged  quite  high  and  severe  turbulencu  was 
experienced.  The  stroke  rate  was  not  recorded 
for  the  4-mlnute  interval  (1139-^3)  covering 
this  encounter  due  to  a  tape  change.  The  ASR-8 
indicated  severe  tubulence  in  the  storm.  The 
storm  height  was  probably  above  38,000  feet 
by  the  end  of  thu  period  since  NWS  showed  It  to 
be  L6  and  47,000  feet  at  1230. 

Meanwhile  strong  lightning  activity  was 
noted  on  th  PPI  display  coming  from  a  large 
thunderstorm  located  about  25  nmi  to  the  WSW 
of  the  radar  site.  The  aircraft  was  vectored 
to  this  storm  and  made  penetrations  during 
periods  6  and  7  as  It  moved  toward  the  radar, 
increasing  In  Intensity  and  height.  Stroke 
races  ware  moderate  for  the  first  three  4- 
minute  intervals  of  period  6,  then  increased 
sharply  (as  seen  on  the  PPI).  Unfortunately, 
this  indication  was  interpreted  by  the  operator 
of  the  lightning  locator  system  as  strong 
radar  Interference  prompting  him  to  turn  the 
system  off  as  a  safety  measure.  Subsequently, 
it  was  determined  that  the  "interference"  was 
indeed  strong  lightning  activity  and  the 
processor  was  turned  on  again  at  1225.  The 
stroke  rate  for  the  following  period  (1225- 
29)  was  290,  which  Is  near  the  maximum 
detectable  with  the  system.  The  extreme 
turbulence  experienced  in  period  7  was  just 
before  this  interval,  at  1222.  The  severe 
turbulence  encountered  In  period  6  was  just 
before  the  break  at  1203.  It  is  likely  that 
very  high  stroke  rates  were  also  occurring  from 
1205-1225  when  the  storm  was  Intensifying. 

After  the  extreme  turbulence  experience,  the 
storm  was  considered  too  dangerous  for  further 
penetration  and  the  aircraft  returned  to  base. 
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MISSION  OF  8/17/82  -  On  this  day  thunder¬ 
storms  formed  along  a  cola  front  which  passed 
through  the  Atlantic  City  area  in  the  early 
evening.  Storms  moved  eastward  at  about  20K. 

The  NWS  radai'  was  out  of  service  and  no  PPI 
plots  were  available.  However,  the  tropopause 
heignt  was  abouc  50.000  feet  and  it  is  probable 
the  storms  reached  this  level.  The  ASR-8  5,000- 
foot  VIP  levels  for  the  cells  penetrated  were  all 
4.  Table  3  is  a  data  summary  for  this  mission. 

During  period  1  the  aircraft  made  three 
penetrations  of  a  thunderstorm  located  about 
20  nmi  NE  of  the  radar  site.  The  stroke  rate 
wau  7  at  t he  beginning  of  the  period,  increasing 
to  the  maximum  of  23  at  the  end.  Severe 
turbulence  occurred  during  the  second  penetration 
when  the  stroke  rate  per  A  minutes  was  19,  The 
ASR-8  turbulence  indication  was  not  recorded 
for  this  period. 

During  period  2  stroke  rates  increased 
appreciably.  The  maximum  of  102  occurred  from 
1457- 1501  and  the  aircraft  experienced  severe 
turbulence  at  1500.  The  ASR-8  indication  was 
moderate.  After  the  second  penetration,  an 
overhead  thunderstorm  at  the  radar  site  caused 
a  power  failure  and  the  aircraft  was  held  out¬ 
side  the  storm  from  1504- 1513- 

Three  more  penetrations  of  storm  1  were 
made  during  period  3.  Stroke  rates  decreased 
considerably  and  only  moderate  turbulence  was 
experienced  by  the  aircraft.  The  ASR-8 
turbulence  indication  was  not  recorded  for  this 
period. 

During  period  4  tne  aircraft  made  4 
penetrations  of  a  second  thunderstorm  located 
about  12  nmi  east  to  southeast  of  the  radar 
site.  Stroke  rates  were  very  high,  although 
only  moderate  turbulence  was  experienced  by 
the  aircraft.  The  ASR-8  turbulence  Indication 
was  also  moderate. 

The  aircraft  made  only  one  penetration  of 
storm  2  during  the  last  abbreviated  period. 

Stroke  rates  increased  and  the  aircraft  en¬ 
countered  severe  turbulence.  The  ASR-8 
turbulence  indication  was  also  severe. 

MISSION  OF  8/23/82  -  On  this  day  semi- 
isolated  (rather  than  line-type)  thunderstorms 
formed  along  a  cold  front  which  passed  through 
the  area  in  late  afternoon.  The  individual 
storms  moved  from  the  west  at  30K.  NWS  showed 
the  storms  to  be  L6  with  tops  34,000  -  38,000 
feet.  The  ASR-8  5,000-foot  VIP  levels  were 
mostly  4,  In  view  of  the  low  tops  and  ASR-8 
VIP  measurements,  the  16  classification  is 
considered  doubtful. 

Ouring  period  1  the  aircraft  made  three 
penetrations  of  an  isolated  NWS  VIP  L6  (ASR-8 
VIP  L4)  thunderstorm  located  about  15  nmi  WSW 
of  the  radar  site.  Only  one  lightning  stroke 
was  recorded  -  that  in  the  I401-l405  period. 

The  highest  aircraft  turbulence  (just  in  the 
severe  category)  was  encountered  during  this 
interval  at  1402.  The  ASR-8  turbulence  in¬ 
dication  was  also  severe. 

In  the  second  period,  three  more  penetrat¬ 
ions  of  the  storm  were  made  with  stroke  rates 
and  turbulence  both  increasing.  The  peak  rate 


of  13  occurred  in  the  1420-24  interval,  just 
proceeding  a  severe  turbulence  encounter  at  1425- 
The  stroke  rate  abruptly  dropped  to  zero  for 
the  1424-28  interval.  The  ASR-o  indicated 
severe  turbulence  in  the  cell. 

Thunderstoim  1  was  beginning  to  enter 
ground  clutter  and  appeared  to  be  weakening 
so  the  aircraft  was  vectored  to  thunderstorm  2. 
This  was  located  about  20  nmi  north  of  the 
radar  site.  Stroke  rates  were  low  through 
period  3  and  only  moderate  turbulence  was 
experienced.  The  ASR-8  turbulence  indication 
was  severe. 

Three  more  penetrations  of  storm  2  were 
made  in  period  4  with  stroke  rates  increasing 
slightly.  Severe  turbulence  was  experienced 
at  1443  and  was  associated  with  a  stroke  rate 
of  3  for  the  1442-46  interval .  The  ASR-8 
turbulence  indication  was  again  severe. 

During  period  5  the  aircraft  made  three 
penetrations  of  a  third  NWS  VIP  L6  storm 
located  about  20  nmi  to  the  NW  of  the  radar 
site.  The  ASR-8  5,000-foot  VIP  level  for  this 
thunderstorm  was  only  3,  No  lightning  strokes 
were  detected  and  only  moderate  turbulence  was 
encountered.  The  ASR-8  turbulence  indication 
was  also  moderate. 

The  low  stroke  rates  for  the  8/23/82 
storms  are  thought  to  be  due  primarily  to  the 
low  heights  of  the  storms. 

SUMMARY  AND  CONCLUSIONS 

The  d  "a  of  tables  2,  3,  and  4  do  not 
show  any  linear  relationship  between  stroke 
rate  and  turbulence  for  these  diverse  storms. 

It  can  only  be  said  that  the  strongest  tur¬ 
bulence  observed  was  associated  with  a  storm 
producing  the  highest  stroke  rate  (290  with 
thunderstorm  3  on  7/28/82),  However,  all 
tables  show  that,  in  general,  the  maximum 
turbulence  encountered  increased  when  the 
average  stroke  rate  increased,  and  vice  versa. 

The  maximum  turbulence  was  not  usually  associated 
with  the  maximum  stroke  rate  for  a  period,  but 
was  mostly  within  one  4-minute  interval  of  It. 

It  was  alsn  noted  that  qualitative  pilot  reports 
of  lightning,  when  given  tended  to  be  associated 
with  turbulence  peaks. 

There  was  generally  good  agreement  between 
turbulence  indicated  by  Doppler  radar  and  that 
experienced  by  the  aircraft.  However,  this 
must  be  considered  preliminary,  pending  a  more 
detailed  analysis  of  the  data. 

It  is  concluded  that  the  storm  receiver 
is  a  potentially  useful  thunderstorm  turbulence 
warning  device  for  airborne  or  ground  use. 
However,  further  ground/a Ir  testing  Is  needed 
to  clarify  the  relationship  between  thunderstorm 
lightning  stroke  rates  and  turbulence,  con¬ 
sidering  such  factors  as  storm  height  and  size. 
Testing  of  tne  ranging  precision  of  the  storm 
receiver  and  the  use  of  radar-measured  tur¬ 
bulence  fields  wii  I  help  in  data  analysi.*-. 
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Table  1.  Aircraft  Turbulence  Scale 


Aircraft  0 
2/3 


1/3 

*P 

1 


sec 

Turbulence 

0-2 

Negl iglble 

-a- 

i 

CM 

IA 

Light 

>4  -  7 

Moderate 

>7  -  12.5 

Severe 

>12.5 

Extreme 

Table  2  -  Data  Summary  for  7/28/82 


Period 

Time  (EOT) 

TSTM 

No. 

Pen. 

Max  A/C 

Turb, 

:  Strokes/4  Min. 

NWS 

Data 

ASR-8 

Data 

Mod 

Sev 

Aver . 

Max. 

VIP 

Ht. 

VIP 

Turb. 

1 

1018-1033 

1 

3 

7.2 

137 

23i 

5/6 

46 

4 

S/M 

2 

1033-1049 

1 

3 

5.7 

- 

26 

45 

6 

46 

4 

M 

3 

1049-1105 

1 

4 

- 

8.6 

54 

79 

6 

46 

4 

S 

4 

1117-1131 

2 

4 

5.0 

- 

91 

139 

5 

38 

4 

S 

5 

1131-1147 

2 

3 

- 

7.9 

1 18* 

127* 

5  ft  ft 

38** 

4 

S 

6 

1153-1209 

3 

3 

- 

9.3 

55# 

88# 

5/6 

50 

4 

S 

7 

1209-1225 

3 

3 

- 

13.2## 

# 

# 

6 

55 

5 

s 

*  No  data  for  1149-43 

**  Storm  increased  to  L6  and  47,000'  at  1230 

#  No  data  from  1205-25.  Stroke  rata  1225-29  was  290 
St  in  extreme  category 
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Table  3  *  Date  Summary  for  8/17/32 


lod 

Time  (f.DT) 

TSTM 

No. 

Pen. 

Max.  A/C 

Turb. 

Strokes/*l 

Min. 

NWS 

Data 

ASR-8 

Data 

Mod 

Sev 

Aver. 

Max. 

VIP 

Ht. 

V  IP 

Turb 

1 

1^37-1*453 

1 

3 

7.5 

18 

23 

A 

A 

4 

2 

1*»53-1S0*t** 

1 

2 

- 

7.1 

84 

102 

A 

A 

4 

M 

3 

1513-1529 

1 

3 

6.2 

- 

23 

46 

A 

A 

4 

- 

*« 

1537-1553 

2 

*1 

6.3 

- 

166 

259 

A 

A 

4 

M 

5 

1553-1559 

2 

1 

- 

8.1 

194 

195 

A 

A 

4 

S 

*  No  NWS  data,  storm  heights  est,  50,000'  based  on  Tropopause  height. 
**  Radar  power  failure.  A/C  held  outside  storm  150*1-13. 


Table  4  -  Data  Summary  for  8/23/82 


Period 

Time  (EDT) 

TSTM 

No. 

Pen. 

Max.  A/C  Turb. 

Strokes/4  Min. 

NWS. 

_Dat_a 

:  ASR-8 

Data 

Mod 

Sev 

Aver. 

Max. 

VIP 

Ht. 

VIP 

Turb, 

1 

1349-1403 

1 

3 

7.0 

0 

1 

6* 

34 

4 

S 

2 

1412-1427 

1 

3 

- 

7.7 

7 

•  3 

6* 

35 

4 

S 

3 

1427-1442 

2 

3 

6.8 

- 

2 

5 

6* 

35 

4 

S 

4 

1442-1458 

2 

3 

- 

8.3 

3 

7 

6* 

35 

4 

s 

5 

1503-1519 

3 

3 

5.7 

- 

0 

0 

6* 

38 

3 

M 

*  L6  classification  considered  doubtful  due  low  heights  and  A5R-8  VIP  levels 
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A  WIDEBAND  AIRBORNE/ GROUND 
LIGHTNING  FLASH  LOCATION  SYSTEM 

Ernest  Coleman 

Naval  Air  Development  Center  (Code  3021) 
Warminster,  Pennsylvania  18974 


ABSTRACT 

This  paper  presents  the  design  and  summary  of  test  results  of  a  new  wideband 
lightning  location  system.  Although  this  paper  emphasises  airborne  application, 
the  design  and  performance  of  the  subject  system  is  identical  for  both  airborne 
and  ground  applications.  'Hie  unique  method  used  for  Identifying,  direction-finding 
and  ranging  to  a  lightning  stroke  is  discussed.  The  lightning  location  system  is  M 
designed  to  detect  severe  atoms  and  to  Identify  potentially  turbulent  weather,  k 
standard  video  display  output  shows  the  location  of  thunderstorms  by  displaying  the 
rate  of  lightning  stroke  activity.  As  new  lightning  strokes  are  received,  the 
display  intensifies  on  the  CRT  to  show  the  center  of  the  electrical  activity.  This 
provides  a  display  of  severe  electrical  storms  similiar  to  the  standard  radar 
reflectivity  displays.  The  lightning  stroke  data  is  integrated  for  four  minutes. 

As  the  number  of  lightning  strokes  diminishes,  the  display  decreases  in  brightness. 

A  standard  serial  interface  provides  remote  control  and  monitor  capability.  For 
the  ground  and  airborne  test  programs,  the  serial  channel  is  used  to  record  all 
lightning  data  on  a  magnetic  tape  for  later  retrieval  and  display.  Accurate  direc¬ 
tion  findings  is  determined  by  utilizing  only  the  peak  pulses  of  the  wideband 
return  stroke  waveform.  The  range  estimation  from  a  single  station  to  each  light¬ 
ning  stroke  uses  the  differences  between  the  decay  of  electric  and  magnetic  fields. 
A  single  antenna  unit  consisting  of  two  orthogonal  wideband  magnetic  cross-loops 
and  a  short  vertical  monopole  antenna.  Hie  system  has  adequate  bandwidth  (3  MHz) 
to  detect  return  stroke  pulses  for  accurate  direction  finding  aud  ranging.  The 
system  has  a  maximum  range  of  120  nm  radius.  Tests  on  a  number  of  lightning  storms 
at  distances  to  75  nm  indicate  the  angular  resolution  is  better  than  ^lO^/  aud  may 
be  in  the  range  of  less  than  3^ with  little  or  no  systemmatic  dependence  on  the 
number  of  active  thunderstorm  fells  which  are  at  different  angles. k  The  lightning 
location  system  is  a  modular/ digital  design  and  may  easily  be  integrated  into 
other  digital  weather  systems.  Test  rasulta  are  presented  which  show  the  accuracy 
of  the  system  in  locating  sevens  weether.  Future  plans  for  advance  development 
of  the  lightning  location  ays cam  by  the  Navy  are  discussed.  \ 
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NAVY  AIRCRAFT  are  often  required  to  fly 
missions  In/ around  adverse  weather.  The 
ability  of  radar  to  locate  severe  thunderstorm 
turbulence  Is  Inadequate  (1)*.  In  addition 
to  airborne  radar,  there  are  airborne  systems 
specifically  designed  to  detect  lightning. 
However  the  range  accuracy  of  these  lightning 
detection  systems  is  poor.  The  range  informa¬ 
tion  is  based  on  a  so-called  ideal  lightning 
stroke  amplitide  and  is  determined  by  assuming 
a  known  propagation  loss.  Furthermore,  the 
lightning  data  is  presented  to  the  pilot 
serially  without  adequate  correlation  with 
old  data  already  on  the  CRT.  The  rate  at 
which  lightning  data  is  produced  is  important 
to  the  pilot  as  a  weather  hazard  prediction. 

The  program  reported  here  was  established  to 
provide  an  alternate  and  improvement  over 
conventional  storm  detection  systems. 

Broadband  measurements  of  the  radiation 
fields  (high  time  resolution)  produced  by 
lightning  discharges  within  120  and  as  close 
as  1  show  that  most  lightning  waveforms  have 
zero-to-peak  rise  times  of  less  than  five 
microseconds.  Most  first  and  subsequent 
return  stroke  fields  have  several  small 
second  peaks  or  shoulders  immediately  following 
the  first  peak.  The  large  subsidiary  peaks 
(spaced  10-30  microseconds)  in  first  strokes 
are  produced  by  the  effects  of  branches. 

Since  the  propagation  speed  of  a  return 
stroke  up  a  previous  loader  channel  is  approx¬ 
imately  200  msters/microsecond,  these  peak 
fields  are  separated  by  2  to  6  km.  There  are 
many  reports  in  the  literature  on  the  electro¬ 
magnetic  characteristics  of  thunderstorm 
radiation  for  example  UmAn  (2-6) ,  Krlder  (4- 
6),  Taylor  (7),  Ruhnke  (8),  Fisher  (9), 
Brantley  (10),  Herman  (11),  and  Li  ingston, 
(12). 

Here,  we  present  a  new  version  of  a 
lightning  direction  and  range  finder**  (fig. 

1),  which  utilizes  the  peak  of  the  magnetic 
radiation  fields  to  provide  accurate  direc¬ 
tions  to  the  channel  of  individual  return 
strokes.  Range  to  the  stroke  is  estimated  by 
measuring  the  ratio  of  the  low-frequency 
magnetic  field  to  the  electric  field.  The 
performance  of  the  storm  warning  system 
during  initial  teat  by  FAA  is  presented  in  a 
companion  paper  by  W.  Lewis  in  these  pro¬ 
ceedings,  The  system  operated  effectively 
for  discharges  as  close  as  a  few  kilometers 
and  as  far  away  as  200  km.  The  signals 
received  by  a  stroke  are  compared  to  other 
strokes  within  a  geographical  area.  The  rate 
of  stroke  occurrences  are  calculated  and  used 
to  show  the  intensity  of  the  thunderstorm. 

^Numbers  in  parenthese  designate  references  at 
end  of  paper. 

**A  U.S.  Patent  Application  Serial  No.  235, 

163  filed  February  17,  1981  entitled  "Storm 
Warning  Method  and  Apparatus"  is  pending. 


Fig.  1  -  Storm  Warning,, System 
APPARATUS 


The  storm  warning  system  (fig.  2)  con¬ 
sists  of  three  units;  antenna,  display  and 
receiver.  The  antenna  assembly  is  mounted  on 
either  the  top  or  bottom  of  the  aircraft.  A 
low  aerodynamic  drag  shape  contains  the  basic 
electric  and  magnetic  detectors.  The  display 
assembly  la  a  standard  raster  display.  Two 
size  units  are  available  (3  inch  and  5  inch) 
but  any  video  monitor  with  composite  video 
input  and  525  line  display  may  be  used.  The 
receiver  has  been  designed  for  an  operation 
environment  defined  by  MIL-E-5400,  CLASS  2. 
The  total  weight  of  the  receiver  is  14  pounds 
and  head  dissipation  is  52  wntts  maximum. 

The  receiver  maximum  dimensions  are  3.25  X 
12.37  X  10.25  inches. 


Fig.  2  -  Storm  Warning  System  Installation 

ANTENNA  -  The  antenna  separately  receives 
the  electric  (E)  and  magnetic  (H)  radiation 
fields  produced  by  lightning.  Basically,  the 
magnetic  sensors  are  shielded  orthogonal 
loops  with  a  gap  in  each  shield.  The  shield 
around  the  loop  improves  the  amplitude  balance 
of  each  loop  and  minimises  the  aircraft 
atructure  effects.  The  maghetlc  sensor 
output  is  proportional  to  the  lightning 
signal  multiplied  by  the  cosine  of  the  angle 
between  the  plane  of  each  loop  and  the  dis¬ 
charge.  The  electric  field  ie  sensed  by  a 
short  vertical  monopole.  The  antenna  includes 
three  low  pass  filters  which  reject  high 
frequency  elgoals  and  convert  the  sensor 
outputs  to  50  ohms. 

RECEIVER  -  The  antenna  signals  (figure 
3)  go  directly  to  the  receiver  which  has 
three  separate  wideband,  high  gain  amplifiers, 
which  provide  s  system  noise  figure  of  7.5dB. 
The  amplifier  gain  of  26.5dB  was  choosen  to 
allow  the  linear  detection  of  lightning 
signals  between  4  and  200  km.  The  bandwidth 
of  each  amplifier  is  1.5  Kllz  to  3  MHz.  The 
three  amplifiers  provide  signals  which  are 
proportional  to  the  time  rate  of  change  in 


the  radiation  fields  to  separate  integrators. 
The  output  of  each  integrator  (decay  constant 
of  45  microseconds)  is  proportional  to  the 
radiation  field  waveforms.  These  signals  go 
directly  to  separate  track  and  hold  circuitry 
which  holds  the  peak  of  each  pulse  in  response 
to  a  sampling  control  signal.  The  control 
signal'  is  provided  each  time  the  electric 
field  value  peaks  after  a  rise  time  lens  than 
five  microseconds.  The  resulting  voltages  (E 
and  orthogonal  U  fields)  are  digitized  and 
stored  in  a  first-in-first  out  (FIFO)  memory. 


Fig.  3  -  Functional  Block  Diagram 


Recognition  Circuitry  -  The  output  of 
the  electric  field  amplifier  is  also  connected 
to  recognition  circuitry.  The  recognition 
circuitry  deacrimlnatea  egelnet  interfering 
signals  which  ara  not  caused  by  the  lightning 
return  stroke.  The  recognition  circuitry 
meaeuree  two  parameters-pulae  width  and  rata 
of  voltage  change.  The  lightning  atep  leader 
ie  a  narrow-pulee  usually  on  tha  order  of 
several  100  nanoseconds  duration  and  is 
Ignored  by  the  recognition  circuitry.  The 
time  rate  of  change  of  the  electric  field  is 
monitored  and  used  to  idantify  a  return 
stroke  signal.  When  the  slectric  field  has 
reached  ita  peak  voltage,  tha  aample  control 
signal  la  generated.  After  tha  racognition 
of  the  first  lightning  pulse,  an  integration 
control  signal  which  has  a  duration  of  ons 
.lightning  stroke  event  (approximately  ons  mil¬ 
lisecond)  is  used  to  interrupt  the  digital 
processor . 

Low  Frequency  Detection  -  The  outputs  of 
the  integrators  are  also  provided  to  1.5  KHz 
band  pass  filters  which  have  a  narrow  band¬ 
width  of  200  Hz.  The  narrow  band  signals  are 
separately  converted  to  a  signal  proportional 
to  true  RMS  voltage  levels.  These  signals 
are  a  measure  of  the  intensity  of  tha  electric 
and  magnetic  fields.  Outputs  of  the  true  RMS 
detector  are  directly  connected  to  sample  and 
hold  circuitry.  In  response  to  the  integra¬ 
tion  control  signal  which  is  generated  et  the 
end  of  a  lightning  stroke  event,  all  three 
outputs  are  sampled  by  the  digital  processor. 

Digital  Processor  -  Tha  digital  processor 
digitizes  the  low  frequency  data  and  moves 
all  the  sample  peak  pulse  data  from  the  FIFO 
memory  into  random  access  memory  (RAM). 

After  the  new  data  is  saved,  the  recognition 
circuitry  is  once  again  allowed  to  detect  new 
lightning  data.  Tha  digital  processor  anal¬ 


yses  the  sampled  peak  pulses  to  determine  tha 
general  direction  to  each  lightning  stroke. 
First,  the  low  frequency  data  is  used  to 
calculate  the  absolute  ratio  of  H/E.  The 
magnitude  of  the  magnetic  field  decreases 
with  the  square  of  the  distance  from  the 
source  while  the  electrostatic  fiald  decreases 
with  the  cube  of  the  distance  from  the  source 
(8).  Tha  effects  of  this  relation  are  clearly 
shown  in  figure  4.  The  amplitudes  of  the  E 
to  H  ratio  (E/H)  at  1.5  KHz  frequency  are 
plotted  as  a  function  of  distance.  Although 
the  assumptions  of  a  flat,  good  conducting 
ground  and  a  vertical  lightning  channel  are 
considerable  over  simplifications,  the  digital 
processor  algorithm  corrects  for  many  of  the 
errors.  The  test  results  to  date  are  encour¬ 
aging  as  to  the  value  of  the  H/E  ratio  to 
determine  range.  After  the  digital  processor 
estimates  tha  range  to  the  stroke  the  new 
data  is  analyzed  to  determine  the  lightning 
stroke  rate  for  the  corresponding  geographical 
area.  Tha  display  la  updated  to  reflect  on 
increase  in  the  lightning  flash  rate. 
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DISTMKE  TO  U6HTMNC 

Fig.  4  -  Ratio  of  H/E  Versus  Distance 


TEST  RESULTS 

During  the  1982  storm  season,  s  total  of 
24  hours  of  lightning  data  was  collected 
using  the  storm  warning  system  which  Included 
6  hours  of  aircraft  turbulence  data.  Nation¬ 
al  Weather  Service  (NWS)  radar  summary  data 
was  obtained  for  the  majority  of  the  lightning 
data.  One  storm  on  28  July  1982  showed 
extreme  turbulence  along  with  a  high  lightning 
stroke  rate.  The  lightning  stroke  rate  in 
general  indicated  the  severity  of  the  storm. 
The  lightning  stroke  rate  appears  to  go  from 
a  low  tc  a  high  rate  in  a  relatively  short 
time  during  storm  development.  The  storm  of 
23  August  1982  rspresents  the  typical  storm 
cell  which  has  low  lightning  stroke  rate  end 
likewise,  a  less  severe  turbulence  than  the 
general  storms  measured  during  the  1982 
season.  The  following  discussion  summarizes 
teat  results  and  shows  typicsl  storm  warning 
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display  data  (see  Lewis  paper,  these  pro¬ 
ceedings,  for  comparing  lightning  activity 
‘and  turbulence).  A  detail  report  of  test 
results  may  be  found  in  reference  14. 

PREFRONTAL  SQUALL  LINE  ON  28  JULY  1982  - 
A  prefrontal. squall  line  of  severe  thunderstorm 
cells  formed  in  Pennsylvania  and  Delaware  to 
the  north  and  west  of  Atlantic  City,  New 
Jersey  at  0830  EDT.  The  storms  formed  a 
line  about  125  nautical  miles  long  (25  nm 
wide)  moving  from  260  deg.  at  30  nm/hr. 
Additional  squall  lines  of  thunderstorms 
formed  50  nm  west  of  the  first  line. 

The  NWS  Video  Integrator  and  Processor 
(VIP)  contours  for  0935  EDT  are  shown  in 
figure  5  along  with  an  overlay  of  the  storm 
warning  system  display.  A  computer  program 
was  used  to  combine  the  storm  warning  data 
and  the  NWS  VIP  contour  data.  The  lightuing 
stroke  data  (fig.  5)  is  plotted  as  a  dot  for 
lightning  stroke  rates  less  than  four  strokes 
per  four  minutes  and  circles  for  lightning 
strokes  greater  than  four  strokes  per  four 
minutes.  Note  storm  cell  one  for  the  test 
had  a  VIP  contour  level  two  (L2)  approximately 
25  nautical  miles  west  of  the  test  site. 

This  cell  moved  from  270  degrees  and,  at  1008 
EDT,  was  measured  by  tho  doppler  radar  to  be 
a  level  four  (48-50  dBZ).  The  doppler  data 
showed  possible  severe  turbulence  at  approxi¬ 
mately  1019  EDT.  Later  at  the  end  of  test 
period  one,  the  doppler  data  showed  'Sell  1  to 
be  moderate  and  the  VIP  contour  levnx  was 
decreasing . 


o  VIP  contours 
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Fig.  5  -  Lightning  Location  vs  Radar 
Reflectivity  Contours  for  0935  EDT  7/23/82 

The  storm  warning  system  (SWS)  display 
showed  lightning  activity  to  be  North  East  of 
the  FAA  Atlantic  City,  New  Jersey,  Terminal 
Facility  of  Automation  and  Surveillance 
Testing  (TFAST)  site  between  25  nm  and  50  nm. 


The  dark  areas  indicate  lightning  activity 
occurring  at  a  rate  of  more  than  four  strokes 
per  four  minutes.  Storm  call  one  to  the  West 
of  TFAST  showed  only  two  dots  but  the  cell  to 
the  North  was  showing  extreme  lightning 
activity.  This  call  was  out  of  range  for  the 
doppler  radar.  Consequently,  the  aircraft 
was  not  flown  to  the  cell.  Note  the  dark 
lightning  cells  to  be  leading  the  contour 
plots  for  the  radar  data  (the  cell  was  moving 
from  West  to  East).  There  were  moderated 
levels  of  lightning  activity  behind  the  storm 
cell.  As  storm  cell  cne  moved  North  of 
TFAST,  the  display  indicated  extreme  lightning 
activity.  This  call  was  within  range  of  the 
doppler  radar  and  the  aircraft  was  directed 
into  the  storms  center. 

A  new  thunderstorm  cell  formed  (cell 
number  two)  west  of  cell  one  and  moved  into 
range  of  aircraft  at  1117  EST.  The  NWS  data 
indicated  a  maximum  VIP  contour  level  five 
(L5)  and  cell  height  of  38,000  feet.  The 
lightning  stroke  rate  of  139  occurred  at  the 
end  of  test  period  four.  The  aircraft  did 
not  have  clearance  to  fly  into  the  storm  cull 
and  consequently,  flew  mostly  in  the  periph¬ 
eral  areas.  The  aircraft  did  experience  e 
turbulence  level  of  7.9  (sea  Lewis,  these 
proceedings,  for  turbulence  scale)  during 
test  period  five  end  the  pilot  reported  light 
hail.  Tha  lightning  rata  continuad  at  a  high 
level  during  teat  period  five. 

Meanwhile,  a  third  storm  cell  formed  due 
West  of  the  TFAST  situ  at  1135  EDT.  Tha 
display  indicated  the  new  cell  to  have  extreme 
lightning  activity,  (fig.  6).  The  aircraft 
wea  vectored  to  cell  three.  At  approximately 
1156  EDT,  the  doppler  radar  measured  a  VIP 
lsvel  of  two  (39  dBZ)  for  cull  thraa.  Six 
minutes  later,  tha  doppler  radar  measured  a 
VIP  level  five  (51  dBZ)  and  the  NWS  wee 
showing  e  level  six.  Tha  atorm  cell  height 
was  now  at  50,000  feet,  The  storm  warning 
system  recorded  e  maximum  atroka  rata  of  88 
about  five  minutes  before  the  aircraft  meas¬ 
ured  a  turbulance  laval  of  9.3.  The  storm 
warning  system  was  not  operated  between  1205 
to  1227  EDT.  At  1227  EDT  the  lightning 
stroke  rate  was  290.  Tha  aircraft  maasurad 
an  axtrama  turbulence  level  of  13.2  about 
four  minutee  earlier.  The  storm  height  was 
now  at  55,000  feet.  Storm  cell  three  was  too 
savara  to  continua  the  teat  program.  Tha 
pilot  confirmed  the  lightning  activity  and 
maasurad  extreme  turbulence  at  the  leading 
edge  of  the  etorm  cell. 
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Fig.  6  -  Lightning  Locution  vs  Radar 
Reflectivity  Contours  for  1135  KDT  7/28/82 
CONCLUSIONS 

The  storm  warning  system  was  uuccaaufully 
oporatad  an  u  aittgla  ground  station  during 
the  1982  atom  season  and  detected,  located 
and  recorded  over  5,000  lightning  strokes. 

The  uzlmuth  angle  resolution  of  the  system 
was  measured  to  be  better  than  ±10  degrees. 

The  maximum  azimuth  angle  resolution  should 
be  in  the  neighborhood  of  2°  and  will  be 
measured  in  1983  atom  season.  Thu  range 
accuracy  was  not  easily  measured;  however,  by 
comparing  the  thunderstorm  cull  radar  reflec¬ 
tivity  contours  with  lightning  stroke  data 
(see  examples  in  figures  5  and  6)  the  range 
was  ustimated  to  be  at  least  ±25  percent  of 
the  measured  range.  The  performance  of  thu 
storm  warning  system  to  date  has  proven  the 
feasibility  of  locating  lightning  activity. 

When  comparing  thu  lightning  activity 
with  the  NWS  radar  measurements  of  reflectiv¬ 
ity,  the  lightning  activity  was  not  completely 
confined  to  the  highest  reflectivity  regions; 
however,  the  lightning  stroke  data  was  easily 
associated  with  the  VIP  contours  for  individual 
storm  cells.  The  lightning  activity  was 
found  to  occur  anywhere  within  the  thunder¬ 
storm  cell.  The  results  have  shown  that  soma 
storm  cells  (Identified  by  NWS  as  severe) 
have  high  level  of  measured  reflectivity,  but 
produce  only  moderate  turbulenca  and  lightning. 
However,  this  lack  of  lightning  activity  and 
turbulence  experienced  by  the  test  aircraft 
may  not  represent  the  normal  convective 
storms.  The  data  collected  during  the  final 
Phase  of  the  project  should  confirm  the 
correlation  of  turbulence  and  lightning.  As 
experienced  during  the  1982  storm  season,  the 
results  have  also  shown  that  convective 
storms  which  generate  severe  turbulence  and 
hail  also  generated  electrical  activity. 


FUTURE  WOI'  A. 

The  calibration  of  the  range  accuracy  of 
the  storm  warning  systems  will  significantly 
enhance  the  data  obtained  on  individual  storm 
cells.  For  the  1983  storm  Season,  the  storm 
warning  ayateu  will  be  installed  in  a  Navy  A- 
7  and  a  FAA  Convalr-560  aircraft.  After 
calibrating  the  range  capability  of  the  storm 
warning  system  airborne  measurement  of  thun¬ 
derstorms  will  be  recorded  using  the  teat 
methods  reported  in  reference  14.  The  testing 
of  thunderstorms  will  no  longer  be  limited  to 
the  Atlantic  City,  New  Jersey  area.  Mora 
data  will  be  collected  from  storm  cells  in 
three  geographical  areas  (Oklahoma,  New 
Jersey  and  Florida).  Of  particular  interest, 
will  be  the  amount  and  time  of  occurrence  of 
hail  activity  during  the  convective  storm 
life  cycle.  In  addition,  the  turbulence 
factor  of  each  storm  coll  will  be  compared 
with  the  lightning  stroke  rate.  The  final 
report  will  be  available  by  1984. 
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ABSTRACT 

Extensive  networks  of  lightning  direction  finding  stations  are 
now  operating  in  the  United  States,  Canada,  Mexico,  Norway,  Sweden, 
South  Africa,  Australia,  Japan,  and  the  People's  Republic  of  china, 
These  Ays teas  are  being  used  to  determine  the  location,  movement,  and 
intensity  of  thunderstorms;  to  facilitate  the  early  detection  of 
lightning-caused  fires;  to  determine  whether  electric  power  outages 
are  lightning-caused;  to  warn  of  impending  lightning  hazards;  and 
for  a  number  of  other. applications  and  basic  research.  Here) we 
deecribe  the  principles  of  operation  of  these  lightning  locating 
systems,  system  capabilities,  typical  system  configurations,  and 
systam  ,  erformance  factors. 
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‘"LOCATING  SYSTEM  * 


To  begin ,  it  would  be  helpful  to  review  the 
terminology  for  the  physical  processes  which 
occur  during  e  typical  cloud-to-ground  light¬ 
ning  discharge.  A  lightning  discharge  to 
ground,  or  flash,  contains  several  large  cur¬ 
rent  surges  of  strokes  (1) ****.  A  flash  be¬ 
gins  with  a  faint  leader ,  which  proceeds 
rather  slowly  from  cloud  to  ground  in  a  series 
of  short  luminous  stops.  Whan  this  stepped 
leader  contacts  the  ground,  a  very  energetic 
and  bright  return  stroke  propagates  rapidly 
back  up  the  ionised  path  established  by  the 
leader.  After  a  pause  of  30-50  milliseconds, 
a  dart  leader  often  forms  and  is  followed  by 
another  bright  return  stroke  propagating  up¬ 
ward.  A  typical  flash  to  ground  contains 
three  or  four  leader-return  stroke  combina¬ 
tions,  which  almost  always  transfer  negative 
charge  to  ground.  The  currents  in  return 
strokes  typically  rise  to  peak  values  of  10- 
40  kA  in  1-10  psec  or  lass. 

figure  2  shows  a  block  schematic  diagram 
of  the  basic  LLP  lightning  locating  system. 
Two,  three  or  four  direction-finding  (DP) 
stations  transmit  lightning  diraction  and 
slgnul  strength  data  to  a  central  petition- 
analyzing  (l’A)  station  via  dedicated ,  asyn¬ 
chronous  communications  links,  for  larger 
installations,  LLP  offers  s  PA  system  which 
can  accept  data  from  up  to  20  DFe  via  a  syn¬ 
chronous  communications  network.  The  position 
analyzer  (PA)  receives  data  from  the  remote 
direction  finders,  calculates  the  lightning 
positions,  und  outputs  the  results  in  real¬ 
time  to  a  digital  x-y  plotter,  a  magnetic  tape 
recorder,  and/or  a  locul  data  terminal.  The 
system  provides  the  time  and  location  of  each 
discharge,  thu  number  of  return  strokes  lu 
each  flash,  and  the  peak  amplitude  of  the 
return  stroke  magnetic  field.  Remote  display 
processors  era  also  available  for  plotting 
color  TV  and/or  hard-copy  maps  of  lightning 
locations  at  any  number  of  remote  sites. 

DIRECTION  UNDER  -  Eueh  dlrsction  finder 
(DP)  senses  the  electromagnetic  fields  radi¬ 
ated  by  lightning  on  two  orthogonal  magnetic- 
loop  antannaa  and  ou  a  flat-plate  electric 


antanna.  The  bandwidtha  of  the  antenna  system 
are  wide  (approximately  1  kHz  to  1  MHz)  so 
that  the  shapes  and  polarities  of  the  light¬ 
ning  field  waveforms  are  preserved.  The  volt¬ 
age  produced  by  tho  electronics  associated 
with  each  magnetic  loop  is  proportional  to  the 
lightning  magnetic  field  multiplied  by  the 
coaine  of  the  angle  between  the  plane  of  the 
loop  and  the  direction  of  the  incoming  field. 
Therefore,  the  direction  of  a  lightning  flash 
can  be  determined  from  the  ratio  of  the  sig¬ 
nals  on  the  two  orthogonal  loops,  a  standard 
technique  for  radio  diraction  finding. 

In  order  to  optimize  accuracy  and  to 
reduce  background  noise,  the  DP  electronics 
are  dealgned  to  respond  to  only  those  field 
waveshapes  that  era  characteristic  of  return 
strokes  in  cloud-to-ground  flashss.  The  DP 
electronics  require  the  incident  lightning 
field  to  have  risetime,  width,  and  subsidiary 
peak  structure  that  is  characteristic  of  a 
return  stroke.  The  electric  field  must  have 
a  positive  initial  polarity  (the  polarity 
produced  whan  negative  charge  ia  lowered  to 
ground),  and  the  field  overehoot  following 
the  initial  peak  must  not  be  too  large  rela¬ 
tive  to  the  firat  peak.  Thu  riuatltna  und 
bipolar  shape  requirement*  also  serve  to 
aliminat*  very  distant  (>  400  km)  lightning 
signals  because  the  effects  of  propagation 
increase  the  field  rlsetimee  (2) ,  and  distant 
ionospheric  reflections  are  often  large  and 
inverted  with  reepect  to  the  initial  ground 
wave  (3) .  A  modification  to  the  DP  electronics 
that  permits  thu  detection  of  positive  return 
stroked,  as  well  as  the  negative,  is  also 
being  tested. 

In  order  to  provide  un  optimum  detection 
efficiency  over  a  wide  dynamic  range,  the  DP 
contains  both  high-  and  low-gain  analog  cir¬ 
cuits  that  operate  in  parallel.  The  field 
shape  criteria  can  be  different  in  the  high- 
end  low-gain  sections  because  ths  shapes  of 
near  and  distant  lightning  signals  are  usually 
different  (2) (4).  Since  the  shapes  of  first 
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and  subsequent  stroka  field#  are  also  different, 
the  shape  criteria  are  automatically  switched 
to  values  appropriate  for  subsequent  strokes 
after  the  first  Stroke  in  a  flash  is  detected. 

When  a  return-stroke  field  Is  detected, 
the  magnetic  direction  is  determined  at  just 
the  time  that  the  radiation  field  reaches  its 
initial  peak.  At  this  time,  the  stroke  current 
Is  still  within  about  1Q0  m  of  tha  ground,  ao 
that  any  arrore  in  magnetic  direction  due  to 
horizontal  channel  sections  end  branch  currents 
are  minimised  (5) (6),  and  errora  due  to  iono¬ 
spheric  reflections  (7)  are  eliminated.  Also, 
by  sampling  at  this  time,  the  magnetic  direc¬ 
tion  Indicates  tha  location  of  the  ground  con¬ 
tact  point  rather  than  some  elevated  portion 
of  the  channel.  As  we  shell  see,  the  angular 
accuracy  of  a  DF  system  ia  typically  1-2  degrees 
or  better  (5) ,  a  valua  which  la  usually  more 
then  adequate  to  resolve  individual  calls  of 
electrical  activity  within  larger  cloud  ayetems. 

A  photograph  of  the  DF  electronics  is 
shown  in  Figure  3.  The  system  is  designsd  to 
operate  either  in  a  stand-alone  mode,  often  in 
conjunction  with  a  waather  radar,  or  as  part 
of  a  larger  network  with  an  automatic  PA.  In 
the  former  case,  the  lightning  directions  are 
plotted  ou  an  analog  x-y  recorder  on  a  compass 
grid  with  the  length  of  each  vector  being  pro¬ 
portional  to  the  peak  amplitude  of  the  first 
stroke  field.  Clusters  of  vectors  show  the 
dlrectionu  aud  angular  extant  of  individual 
storm  cells,  and  If  waathsr  radar  data  are 
available,  then  the  lightning  clusters  can  be 
used  to  identify  which  echoes  are  producing 
lightning  and  which  schoas  are  not.  With  some 
experience,  the  operator  of  a  single  DF  system 
can  often  estimate  an  approximate  range  of  a 
storm  using  just  the  average  lightning  signal 
strength  within  a  given  cell. 

A  microcomputer  subsystem  built  into  each 
DF  digitizes  end  stores  the  elgnels  for  up  to 
14  return  strokes  in  each  flesh  to  ground,  com¬ 
putes  the  angles  to  each  stroke,  and  stores  the 
results  In  a  buffer  memory  for  subsequent  out¬ 
put,  The  time,  angle,  signal  amplitude,  end 
the  number  of  return  strokes  for  the  most 
recent  flesh  are  shown  on  a  front  panel  LED 
display  and  can  be  typed  on  e  local  data  termi¬ 
nal,  if  desired.  Under  most  conditions,  the 
amplitude  of  the  field  at  a  given  range  end  the 
multiplicity  of  return  strokes  era  good  indica¬ 
tors  of  the  severity  of  the  discharge.  The 
total  number  of  fleshes  that  are  detected  each 
hour,  or  for  an  operutor-datemined  time  inter¬ 
val,  are  available  for  diaplay  on  the  front 
panel  or  for  typing  on  commend.  The  DF  micro¬ 
computer  can  also  transmit  the  angle  and  signal 
strength  data  for  each  discharge  to  the  posi¬ 
tion  analyzer  where  individual  lightning  loca¬ 
tions  ere  computed  automatically  in  real-time. 

POSITION  ANALYZER  -  The  position  analyzer 
(PA)  ia  a  preprogrammed  microcomputer  system 
which  automatically  accepts  lightning  angle 
date  from  a  network  of  direction  finders,  cal¬ 
culates  the  lightning  locations  end  generates 


the  appropriate  outputs  for  both  local  end 
remote  display  devices.  Normally,  the  position 
analyser  is  configured  to  accept  data  from  up 
to  four  LLP  direction  finders.  The  direction 
finders  transmit  lightning  data  to  the  poaition 
analyser  vie  voice-grade  dedicated  data  cir¬ 
cuits,  either  land  line  or  VHF/UHF  radio.  Each 
direction  finder  sends  a  brief  message  at  the 
end  of  each  lightning  flash  which  contains  the 
lightning  azimuth,  first  stroka  signal  ampli¬ 
tude,  flash  polarity,  number  of  return  strokes, 
end  the  time  Interval  from  the  first  stroka  to 
the  time  tha  message  was  transmitted.  When  the 
massages  are  received  at  the  position  analyzer, 
the  absolute  time  which  the  flash  occurred  Is 
calculated  by  subtracting  the  direction  finder 
processing  time  from  tha  message  receipt  time 
at  the  position  analyzer.  When  the  position 
analyzer  receives  two  or  more  direction  finder 
inputs  which  are  time  coincident  it  calculates 
the  lightning  location  by  a  triangulation  of 
the  direction  finder  azimuth  angles.  When  only 
two  direction  finders  detect  e  flash  and  the 
azimuth  angles  are  parallel  or  very  nearly 
parallel,  the  poaition  analyzer  uses  the  ratio 
of  the  first  stroke  signal  amplitudes  to  cal¬ 
culate  the  flesh  poaition.  In  all  other  cases 
the  position  calculation  algorithm  determines 
which  combination  of  direction  finder  angles 
give  tha  beat  solution.  Prior  to  calculating 
tha  lightning  location  tha  position  analyzer 
searches  a  table  of  correction  factors  which 
may  be  applied  to  the  raw  direction  finder  date. 
Correction  factors  for  direction  finder  signal 
amplitude,  constant  angle  correction,  or  azi¬ 
muth  dependent  angle  correction  are  provided 
to  minimize  the  affects  of  Incorrect  direction 
finder  gains,  loop  antenna  alignment  errora, 
and  site  errors  respectively.  All  poaition 
calculations  are  dona  with  24-blt  precieion  on 
an  epiuoidal  aarth. 

Thu  lightning  locations  calculated  by  the 
position  analyzer  are  output  in  e  number  of 
formats: 

Front  Panel  Diaplay  -  The  time,  azimuth 
angle,  range  and  number  of  return  strokes  for 
tha  most  recent  discharge  ia  displayed  contin¬ 
uously  by  a  series  of  LEDs  on  the  front  panel 
of  the  position  analyzer.  The  origin  for  the 
azimuth  and  range  shown  on  the  front  panel  dis¬ 
play  is  user  definable  but  is  usually  assigned 
to  be  the  position  analyzer  coordinates.  The 
range  units  are  also  user  definable. 

Local  Data  Terminal  -  The  lightning  loca¬ 
tion  data  may  also  be  printed  in  real-time  ou 
e  local  date  terminal.  For  each  flesh  the  data 
terminal  normally  prints  the  time,  coordinates, 
polarity,  mean  range  normalized  signal  ampli¬ 
tude  (e  quantity  which  is  related  to  the  peek 
stroke  current),  number  of  return  strokes,  end 
the  identification  numbers  of  the  direction 
finder  sites  which  detected  the  flesh  and  those 
which  were  used  to  calculate  the  flesh  location. 
Additional  data  terminal  outputs  may  be  selected 
which  print  all  the  direction  finder  azimuth 
angle,  signal  amplitude,  and  polarity  data  as 
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wall  as  tha  Intersection  points  of  all  pairs 
of  direction  finder  azimuth  angles.  An  example 
of  an  extended  data  terminal  output  for  a  posi¬ 
tive  flash  detected  by  five  direction  finders 
in  a  large  network  is  shown  in  Figure  4.  The 
lightning  location  can  be  printed  in  latitude/ 
longitude,  angle/range,  or  cartesian  (x-y) 
coordinates.  The  origin  and  units  for  the 
angle/range  or  cartesian  outputs  are  user 
specified.  The  user  may  also  control  the  size 
and  location  of  the  region  for  which  data  will 
be  printed  on  the  data  terminal. 

High-Resolution  Hardcopy  Graphics  -  The 
lightning  locations  may  also  be  plotted  in 
real-time  in  map  form  using  a  high-resolution 
pen  plotter  interfaced  directly  to  the  posi¬ 
tion  analyzer.  The  pen  plotter  marks  the  loca¬ 
tion  of  each  flash  using  different  symbols  or 
different  color  pens  which  can  be  set  to.  denote 
flashes  with  different  polarities  or  flashes 
which  occur  within  different  time  periods.  The 
user  can  select  any  plot  region  by  specifying 
the  latitude  and  longitude  of  the  southwest  and 
northeast  corners  of  the  map  region.  Both 
front  panel  and  data  terminal  commands  are 
provided  to  begin  and  end  plots.  The  position 
analyzer  buffers  the  lightning  data  between 
plots  so  data  are  not  lost  when  maps  are 
exchanged.  The  position  analyzer  uses  a 
Lambert  blconical  map  projection  to  convert 
lightning  locations  to  plotter  (map)  coordin¬ 
ates.  The  blconical  map  parameters  are  input 
by  the  user  to  permit  accurate  alignment  be¬ 
tween  the  plotter  and  a  user  supplied,  pre¬ 
printed  map  base. 

Local  Video  Displays  -  The  position  anal¬ 
yzer  provides  the  necessary  outputs  to  operate 
a  remote  display  processor  (described  below) 
as  a  local  video  display  at  the  position  anal¬ 
yzer  site.  The  remote  display  processor  pro¬ 
vides  medium  resolution  color  map  displays 
which  may  be  operated  independently  of  the 
position  analyzer.  This  allows  the  RDF  opera¬ 
tor  to  change  map  displays  and  replot  older 
data  without  interrupting  the  collection  of 
real-time  data. 

Remote  Displays  -  The  position  analyzer 
provides  outputs  to  drive  any  number  of  remote 
display  processors.  The  position  analyzer  buf¬ 
fers  the  last  5700  flashes  in  nonvolatile  me¬ 
mory.  These  data  may  be  accessed  by  remote 
display  processors  via  the  switched  (dial-up) 
telephone  network  when  an  auto-answer  modem 
and  phone  line  are  connected  to  the  remote 
Interrogation  port  on  the  position  analyzer. 
Remote  display  processors  may  also  be  connected 
to  the  position  analyzer  via  dedicated  data 
circuits  when  continuous  monitoring  is  required. 

The  position  analyzer  also  Incorporates  a 
number  of  test  programs  and  diagnostic  aids. 

For  example,  the  direction  finders  are  program¬ 
med  to  periodically  transmit  a  confidence  mes¬ 
sage  which  contains  information  on  the  status 
of  the  OF  power  supplies  and  clock.  When 
either  the  power  supply  voltage  or  time  falls 
out  of  tolerances  the  position  analyzer  prints 
a  status  message  on  the  local  data  terminal  so 


that  the  system  operators  can  take  the  correc¬ 
tive  action.  If  direction  finder  confidence 
messages  fail  to  be  received  at  the  regular 
interval,  the  position  analyzer  automatically 
prints  another  status  message.  The  absence  of 
periodic  confidence  messages  usually  signals 
>e  loss  of  the  data  communications  circuit 
1  .ween  the  direction  finder  and  position  anal¬ 
yzer.  The  position  analyzer  also  generates 
system  summary  messages  on  an  hourly  basis, 
daily  basis,  or  at  user  request.  The  summary 
messages  give  the  number  of  flashes  detected 
by  all  direction  finders,  the  number  of  flashes 
received  from  each  direction  finder  that  were 
not  time  coincident  with  a  flash  from  at  least 
one  other  site,  the  number  of  flashes  which 
were  time  coincident  but  did  not  intersect, 
the  number  of  overrange  events,  and  the  number 
of  flashes  which  could  not  be  printed  because 
the  printer  buffer  reached  capacity.  An  example 
of  an  actual  summary  message  for  a  three  direc¬ 
tion  finder  network  is  shown  in  Figure  5. 
Operators  can  readily  diagnose  system  problems 
based  upon  the  summary  message.  For  example, 
the  summary  message  in  Figure  5  shows  that 
direction  finder  number  2  waa  only  responding 
to  about  20Z  of  the  flashes  seen  by  the  other 
two  sites.  This  message  led  to  the  discovery 
and  repair  of  a  senaitivlty  problem  in  direc¬ 
tion  finder  2, 

The  position  analyzer  can  also  be  inter¬ 
faced  with  a  cartridge  magnetic  tape  recorder 
to  archive  the  lightning  deta.  During  periods 
when  the  position  analyzer  is  not  being  used 
to  process  lightning  data  from  the  direction 
finders  in  real-time,  the  archived  tape  data 
may  be  reprocessed.  The  user  specifies  a  time 
interval  of  interest  and  the  position  analyzer 
searches  the  tape  for  the  data  within  that 
interval.  The  data  may  ba  printed  on  the  data 
terminal  or  new  lightning  location  maps  may  be 
plotted  on  the  hardcopy  pen  plotter  or  the 
color  video  displays.  Since  the  raw  direction 
finder  azimuth  angle  and  signal  strength  ere 
preserved  on  the  tape  records  the  position 
analyzer  can  also  apply  any  angle  or  signal 
amplitude  corrections  during  playback.  Tha 
cartridge  tape  recorder  can  be  easily  inter¬ 
faced  to  larger  user-owned  computer  systems  to 
transfer  the  lightning  data  to  bulk  tape  or 
disk  files  for  further  post  processing. 

REMOTE  DISPLAY  PROCESSOR  -  In  order  to 
display  the  location,  intensity,  motion,  and 
evolution  of  lightning  storms  in  both  space 
and  time,  LLP  has  dsvaloped  a  remote  display 
processor  (RDP)  system  specifically  for  light¬ 
ning  data.  Basically,  the  RDP  is  a  pre-pro¬ 
grammed  microcomputer  with  substantial  memory 
that  generatas  a  high-resolution  (640  x  480 
pixel)  color  video  display  of  tha  lightning 
locations  together  with  geographic  map  detail. 
Lightning  data  are  transmitted  from  the  PA  to 
the  RDP  vie  a  dedicated  or  dial-up  telephone 
circuit  or  via  tha  network  communication#  loop. 
Tha  data  are  plotted  in  rival-time  and  the  last 
6,000  or  12,000  flashes  are  also  stored  in  a 
local  random-access  memory  for  subsequent  play 
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back  onto  any  of  up  to  100  different  maps. 

The  display  itself  can  be  in  any  of  up  to  six 
Operating  modes,  two  for  real-time  applications 
and  four  for  stored  data.  For  example,  the 
real-time  display  can  be  set  to  periodically 
delete  lightning  locations  that  are  older  than 
a  preset  time  interval,  and  locations  can  also 
be  color  coded  according  to  their  absolute  or 
relative  age  so  an  operator  can  easily  discern 
old  and  new  cells  and  storm  motion.  During 
playback,  the  operator  can  replot  maps  in  an 
accelerated  real-time  mode  according  to  a 
preset  time  factor;  and,  again,  there  can  be 
color  coding  according  to  absolute  or  relative 
time.  Black-and-white  examples  of  the  RDP 
hardcopy  maps  that  were  produced  by  an  optional 
color  dot-matrix  printer  are  shown  in  Figures 
6  and  7. 

NETWORK  COMMUNICATIONS  SYSTEM 

As  we  indicated  in  the  position  analyzer 
section,  the  basic  LLP  position  analyzer 
accepts  data  from  two,  three  or  four  DF  sta¬ 
tions  via  dedicated  point-to-point  communica¬ 
tions  links.  For  larger  networks,  the  recur¬ 
ring  communications  and  operator  costs  can 
often  be  substantially  reduced  by  using  a 
multidrop  communications  network  that  is  con¬ 
trolled  by  a  central  PA.  Here,  the  lightning 
data  are  stored  at  the  DF  sites  until  they  are 
requested  by  the  PA,  and  up  to  20  DFs  can  be 
operated  simultaneously  on  up  to  three  inde¬ 
pendent  communications  loops.  Normally,  the 
DF  sites  are  interrogated  by  the  PA  at  a  rate 
of  10  sites  par  second.  The  network  PA  can 
serve  as  a  central  station  for  data  archiving 
and  also  can  act  as  a  front-end  processor  for 
a  larger  host  computer  or  to  an  existing  data 
processing  system. 

A  large  network  of  DFs  usually  provides 
more  accurate  lightning  locations  because  of 
the  extra  angle  intersections  and  more  exten¬ 
sive  DF  overlap  area.  If  one  DF  should  go 
down,  a  large  network  will  usually  have  enough 
redundancy  to  prevent  a  significant  loss  of 
data. 

PERFORMANCE  CHARACTERISTICS 

The  performance  of  any  lightning  detection 
system  is  best  Judged  by  its  demonstrated  abil¬ 
ity  to  provide  accurate  and  reliable  data  under 
a  wide  variety  of  operating  conditions.  Here, 
we  will  present  some  quantitative  results  on 
the  lightning  location  accuracy,  the  detection 
efficiency,  and  other  factors  which  are  impor¬ 
tant  in  most  applications. 

LOCATION  ACCURACY  -  The  accuracy  of  light¬ 
ning  locations  depends  on  at  least  four  fac¬ 
tors: 

1)  the  accuracy  of  the  DF  antenna  align¬ 
ment; 

2)  random  errors  in  the  angles  to  the 
ground  strike  points; 

3)  systematic  angle  errors  that  are  as¬ 
sociated  with  the  quality  of  the  DF  sites. 


Normally  these  so-called  "site  errors"  are  them¬ 
selves  a  function  of  angle;  and, 

4)  the  location  of  the  lightning  with 
respect  to  the  locations  of  the  DF  stations. 

Antenna  Alignment  -  The  crossed-loop  mag¬ 
netic  antenna  must  be  precisely  aligned  North- 
South  and  East-West  to  obtain  optimum  DF 
accuracy.  Normally,  this  alignment  can  be  kept 
to  an  accuracy  of  ±  0.5  degrees;  but  in  cases 
where  a  larger  error  occurs,  the  PA  is  program¬ 
med  to  automatically  apply  an  appropriate  cor¬ 
rection.  The  alignment  should  be  checked 
periodically,  particularly  if  the  antennas  are 
mounted  on  wooden  platforms  or  poles  which 
might  change  shape  or  twist  when  there  are 
changes  in  the  weather  environment. 

Random  Errors  -  Small  random  errors  are 
usually  present  in  the  lightning  directions  due 
to  background  electromagnetic  fields,  noise  in 
the  analog  circuits,  digitizing  errors,  and 
polarization  errors  in  the  lightning  field  it¬ 
self.  The  LLP  system  has  been  designed  to 
keep  all  these  errors  to  a  minimum.  For 
example,  there  are  passive  and  active  filters 
to  eliminate  background  fields;  the  analog 
section  is  kept  inside  an  RF-shielded  enclosure 
and  low-noise  circuits  are  used  throughout; 
the  analog  signals  are  digitized  with  15-bit 
accuracy;  and  the  magnetic  direction  is 
determined  just  at  the  time  of  the  initial 
radiation  field  peak  to  minimize  polarization 
errors.  The  magnitude  of  the  residual  random 
errors  in  the  system  can  be  determined  experi¬ 
mentally  by  comparing  the  directions  to  differ¬ 
ent  return  strokes  within  the  same  flash  since 
these  usually  follow  the  same  path  to  ground. 
Figure  8,  for  example,  shows  the  angles  to 
each  of  14  return  strokes  within  the  same  dis¬ 
charge.  By  analyzing  several  hundred  such 
events,  we  have  determined  that  the  random 
angle  errors  in  the  DF  system  are  distributed 
with  a  mean  of  zero  degrees  and  a  standard 
deviation  of  0.9  degrees. 

Site  Errore  -  Non-uniform  terrain  and 
various  conducting  objects  near  the  DF  antennas 
can,  in  many  cases,  introduce  magnetic  direc¬ 
tion  errors  which  are  a  function  of  angle.  For 
example,  a  nearby  overhand  electric  power  line 
can  act  as  a  large  antenna  loop  and  can  re¬ 
radiate  a  small  portion  of  the  lightning  mag¬ 
netic  field  and  cause  an  angle  error.  It  is 
best  to  minimize  the  effects  of  site  errors  by 
Installing  the  DF  antennas  properly  at  good 
site  locations.  In  cases  where  a  poor  site  is 
unavoidable,  the  PA  is  programmed  to  correct 
these  errors  using  an  array  of  correction 
factors  that  are  derived  from  either  an  objec¬ 
tive  analysis  of  the  lightning  data  on  a 
larger  computer  or  from  other  independent 
observations .  The  objective  analysis  is  an 
iterativa  procedure  that  utilizes  the  light¬ 
ning  signal  amplitudes  at  all  DF  sites  (as 
well  as  all  DF  angles)  to  determine  a  location, 
and  than  the  computer  minimizes  the  systematic 
angle  differences  on  thousands  of  lightning 
events . 

Figure  9  shows  s  plot  of  the  angle 


corrections  that  were  derived  for  a  DF  station 
In  Oklahoma  In  1980.  Thus  far,  there  Is  no 
•  indication  that  these  corrections  change  with 
time  or  range ;  and,  in  fact,  these  same  cor¬ 
rection  factors  have  been  applied  successfully 
to  data  obtained  in  1979. 

Position  Accuracy  -  In  general,  the  final 
accuracy  of  a  lightning  location  will  depend 
ou  the  number  of  DF  stations  that  respond  to 
the  event,  their  separation  distances  and 
geometric  placement,  and  the  location  of  the 
lightning  with  respect  to  the  stations.  For 
example,  if  a  f lai  h  occurs  close  to  the  base¬ 
line  separating  two  DF  sites,  the  associated 
direction  vectors  will  be  nearly  parallel  and 
the  intersection  accuracy  will  be  poor.  The 
PA  is  programmed  to  provide  an  optimum  inter¬ 
section  for  any  combination  of  DFs  that  res¬ 
pond  to  a  flash;  and,  in  the  case  mentioned 
above,  it  even  uses  the  ratio  of  signal 
amplitudes  as  well  as  the  angles  to  provide 
an  optimum  result. 

Because  of  the  difficulty  in  obtaining 
accurate  ground-truth  observations  of  the 
cloud-to-ground  lightning  strike  point, 
definitive  data  on  the  position  accuracy  of 
the  LLP  Lightning  Locating  System  are  not 
abundant.  Piotrowicz  and  Maier  (8)  have 
reported  accuracy  data  for  ten  flashes  which 
occurred  approximately  60  km  equidistant  from 
two  direction  finders  in  Oklahoma.  Their 
results  are  reproduced  in  Figure  10.  Two 
locations  are  shown  for  each  flash;  the 
ground-truth  positions  (based  on  all-sky 
video  camera  records  for  azimuth  and  thunder 
uelay  for  range)  are  shown  with  the  open  boxes 
while  the  direction  finder  intersections  are 
shown  with  the  shaded  boxes,  common  events  are 
connected.  The  mean  horizontal  distance  error 
is  1.0  km  with  a  range  of  0,4  -o  2.7  km. 

These  accuracy  figures  are  ci  n  stent  with  a 
1°  random  direction  finder  er.  for  two 
direction  finders  at  a  distance  of  approxi¬ 
mately  60  km  (9) .  Most  users  of  lhrge  light¬ 
ning  locating  systems  with  well  sited  direc¬ 
tion  finders  report  location  accuracies  in 
the  range  of  1  to  2  km  near  the  center  of 
the  network  and  6  to  8  km  at  the  enter  edges. 

A  comparison  of  radar  echo  and  lightning 
location  data  by  Holle,  et.  al .  (10)  found 
that  only  15%  of  the  lightning  locations 
occurred  outside  of  the  radar  echoes  while 
over  60%  occurred  in  or  near  the  radar  echo 
core. 

DETECTION  EFFICIENCY  -  A  significant  but 
often  overlooked  performance  factor  is  the 
lightning  detection  efficiency.  This  effi¬ 
ciency  is  defined  to  be  simply  the  ratio  of 
the  number  of  cloud-to-ground  flashes  which 
were  detected  to  the  number  which  actually 
occurred.  Since  lightning  is  highly  variable 
.3  a  source,  the  detection  efficiency  will  in 
general  be  a  function  of  raqge,  This  is  be¬ 
cause  large  impulses  can  be  detected  at  groat 
distances,  and  even  a  small  source  close  to 
the  DF  site  can  saturate  the  electronics.  The 
detection  efficiency  can  also  be  a  function  of 


the  lightning  rate  if  there  is  dead  time  in  the 
electronics  or  if  there  is  extensive  computer 
processing.  These  effects  are  now  negligible 
in  the  LLP  system,  and,  in  fact,  the  LLP  DF 
can  process  up  to  four  lightning  flashes  which 
overlap  in  time,  as  long  as  they  occur  in  dif¬ 
ferent  directions. 

Figure  11  shows  typical  detection  effi¬ 
ciency  versus  range  curves  for  two  DF  stations 
in  Oklahoma.  The  drops  in  efficiency  at  close 
distances  were  caused  by  over-range  events, 
and  the  decrease  at  large  distances  is  due  to 
both  the  decreasing  signal  amplitudes  and  to  a 
change  in  the  lightning  signal  shape  with  dis¬ 
tance.  A  peak  efficiency  of  80  to  90%  occurs 
in  the  20  to  120  km  interval  with  c  medium 
gain  DF  system,  and  less  than  half  the  flashes 
are  detected  beyond  350  km. 

OTHER  PERFORMANCE  FACTORS  -  The  long-term 
reproducibility  and  reliability  of  a  lightning 
locating  system  depends  on  a  cumber  of  factors. 
First,  the  electronics  must  be  reliable  and 
easy  to  maintain.  Each  LLP  DF  system  contains 
a  built-in  lightning  waveform  simulator  that 
can  be  used  to  check  and  align  all  system  com¬ 
ponents.  Thus  far,  the  mean  time  between 
failures  of  the  LLP  DF  system  is  at  least  6,000 
to  10,000  hours,  and  the  position  analyzer  is 
approximately  18,000  hours. 

As  we  previously  mentioned  in  the  section 
regarding  the  position  analyzer,  each  DF  auto¬ 
matically  transmits  a  periodic  status  message 
to  the  PA  to  verify  that  the  DF  is  functioning 
and  that  the  data  communications  lines  and 
modems  are  working  properly.  The  PA  in  turn 
automatically  types  a  message  to  the  system 
operator  if  the  status  of  a  DF  or  the  data 
link  changes. 
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Fig.  1  -  The  solid  dots  show  the  locations  o£ 
all  LLP  lightning  Direction  Finders  Installed 
in  North  America  at  the  and  of  1982.  The 
shaded  area  represents  the  affective  area 
covered  by  these  systems 
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Fig.  3  ~  The  LLP  Direction  Finder  electronics 
consists  of  an  analog  and  a  digital  signal 
processor.  The  front  panel  LED  display  shows 
the  time,  angle,  signal  amplitude,  and  number 
of  return  strokes  for  the  last  cloud-to-ground 
flash 
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Fig.  4  -  An  extended  data  terminal  message 
from  the  Position  Analyzer  for  a  flash  detec¬ 
ted  by  five  Direction  Finders.  The  first  ten 
lines  give  the  azimuth  angle  and  signal  ampli¬ 
tude  from  all  combinations  of  two  Direction 
Finders  and  the  latitude  add  longitude  of  the 


intersection  point.  The  eleventh  line  gives 
the  flash  sequence  number,  time,  most  probable 
latitude  and  longitude,  polarity,  mean  range 
normalized  signal  amplitude,  number  of  return 
strokes,  polarity,  and  range  normalized  signal 
amplitude  for  each  Direction  Finder  station 
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lightning  locations  during  the  period  from  NASA  Kennedy  Space  Center 


HAP  3  WIDTH-  68  MH  2USSM1  IS-JOL-S1  TO  2II28lSi  15-JUL-81  FLASH  TOTAL-  323 

«  <-  TIME  KEY  t> 


Fig.  7  -  Same  as  Fig.  6,  except  for  a  smaller  storm  at  thf  Space  Center  is  located  over  and 

area  centered  on  the  NASA  Kennedy  Space  Center.  just  south  of  the  Shuttle  runway.  The  storm 

This  figure  illustrates  the  RDP  zoom  capability  produced  294  cloud-to-ground  flashes  during 
and  increased  spatial  resolution  provided  in  this  30  minute  map  period 

the  small  area  map  displays.  The  intense 
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Fig.  8  -  The  Direction  Finder  output  for  a 
cloud-to-ground  flash  composed  of  14  return 
strokes.  The  first  column  on  the  left  shows 
the  time  of  each  stroke  in  seconds,  the  second 


column  shows  the  azimuth  angle  to  the  stroke 
in  degrees,  the  third  column  shows  the  stroke 
amplitude,  and  the  fourth  column  shows  the 
stroke  number 


Fig.  10  -  Lightning  ground  strike  points 
determined  by  direct  observation  (open  boxes) 
and  corresponding  locations  from  two  Direc¬ 
tion  Finder  intersections.  One  Direction 


Finder  was  located  about  60  km  northwest  of 
the  origin  and  the  second  Direction  Finder 
was  located  about  60  km  southwest  of  the 
origin 
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Fig.  9  -  The  Direction  Finder  azimuth  correc¬ 
tions  that  were  derived  for  an  LIP  Direction 
Finder  site  in  Oklahoma 


DETECTION  EFFICIENCY 


RANGE  (Km) 


Fig.  11  -  Detection  efficiency  versus  range 
for  two  Direction  Finder  networks  operating 
at  medium-gain.  The  curves  were  derived 
from  an  analysis  of  the  signal  amplitude 
changes  with  distance.  The  triangles  repre¬ 
sent  direct  observations  of  detection  effi¬ 
ciency.  For  high-gain  Direction  Finders 
multiply  the  range  scale  by  two 
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ABSTRACT  ^ 

We  have  reduced  and  analyzed  the  data  from  a  two-stroke  lightning 
flash  to  ground  which  occurred  in  South  Florida  on  July  16,  1981,  within 
a  network  of  four  ground  stations  instrumented  for  VHF  measurements , 
about  15  km  from  a  ground  atati  on  instrumented  for  wide-band  electric 
field  measurements,  and  within  10  km  of  a  WC-130  aircraft  operating 
at  5.2  km  and  instrumented  for  wide-band  electrlc,and  magf^jbic  field 
measurements.  The  four-station  ground-based  VHF  measurements  allow 
a  reconstruction  of  the  geometry  of  the  flash,  which  was  composed  of 
two  separate  channels  to  ground.  Electric  field  system  bandwidth  for 
the  ground  measurement  was  from  0.02  Hz  to  about  2  MHz;  electric  and 
magnetic  field  system  bandwidths  on  the  aircraft  extended  to  20  MHz. 
Ground-based  and  airborne  measurements  of  fields  ar*  presented  and 
shown  to  be  consistent  with  one  another. 
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DURING  1979,  1980,  AND  1981  THE  AIR  FORCE 
Wright  Aeronautical  Laboratories  directed  a 
program  designed  to  characterize  airborne 
lightning  electric  and  magnetic  fields. 

A  VIC-130  aircraft  instrumented  for  electric 
and  magnetic  field  measurements  was  flown  in 
South  Florida  in  the  vicinity  of  a  network 
of  ground-based  stations  which  provided 
electric  field  at  ground  level  and  data  from 
which  the  location  of  lightning  VHF  sources 
could  be  determined.  Extensive  data  were 
obtained.  These  will  take  many  years  to 
analyze  fully.  In  this  paper  we  briefly 
describe  the  instrumentation  used  during  the 
1981  measurement  season  and  illustrate  the 
potential  of  the  data  base  by  presenting  an 
analysis  of  data  from  one  two-stroke  light¬ 
ning  flash  to  ground  which  occurred  at 
17:09:40  EDT  on  July  16,  1981. 

AIRBORNE  MEASUREMENT  SYSTEMS 

The  WC-130  aircraft  is  about  30  m  from 
nose  to  tail  and  about  41  m  in  wingspan. 
Aircraft  resonances  arc  expected  at  half  and 
integer  multiples  of  9.9  and  7.4  MHz.  The 
airborne  instrumentation  had  an  upper  fre¬ 
quency  response  limit  of  about  20  MHz  so  that 
some  of  these  resonance  effects  could  be 
observed.  Three  basic  types  of  sensors, 
described  in  Baum  et  al.  (1)*,  were  used: 

(a)  plates  to  measure  the  component  of  the 
electric  field  intensity  perpendicular  to 
aircraft  surfaces,  (b)  loops  to  measure  the 
magnetic  field  intensity  parallel  to  aircraft 
surfaces,  and  (c)  loops  to  measure  current 
densities  flowing  in  aircraft  surfaces  by 
sensing  the  magnetic  field  associated  with 
those  current  densities.  The  latter 
two  sensors  have  essentially  similar  principles 
of  operation.  A  total  of  eleven  sensors  were 
used  on  the  WC-130  in  1981.  Electric  field  was 
measured  on  the  forward  upper  fuselage,  aft 
upper  fuselage,  aft  lower  fuselage,  and  left 
wing  tip.  Both  horizontal  components  of  the 
magnetic  field  were  measured  on  the  forward 
upper  fuselage.  Skin  current  density  was  mea¬ 
sured  on  the  top  and  bottom  of  each  wing  and 
on  the  aft  upper  fuselage.  All  measured  quan¬ 
tities  were  continuously  recorded  on  instrumen¬ 
tation  tape  with  an  upper  frequency  response 
limit  of  about  2  MHz.  In  addition,  the  deriva¬ 


tives  of  the  measured  quantities  were  sampled 
at  20  ns  intervals  for  time  blocks  of  160  ps. 

Such  blocks  of  data,  with  an  effective  upper 
frequency  response  limit  of  about  20  MHz,  were 
acquired  at  a  rate  of  twice  a  second,  the  data 
block  being  initiated  in  a  pro-trigger  mode  by 
an  incoming  signal  exceeding  a  pre-set  thresh- 
hold. 

GROUND-BASED  MEASUREMENT  SYSTEMS 

Ground-based  electric  field  measurements  are 
essential  to  proper  interpretation  of  the  air¬ 
borne  data  since  considerable  information  exists 
on  the  characteristics  of  the  fields  observed 
at  ground  level  and  the  relation  of  those 
fields  to  their  sources,  whereas  such  informa¬ 
tion  is  not  available  for  airborne  fields.  The 
ground-based  electric  field  system  was  similar 
to  that  daecribad  in  Beasley  et  al.  (2).  The 
fields  wars  recorded  on  eight  channels  of  an 
instrumentation  taps  recorder  with  a  bandwidth 
in  the  FM  mode  of  0.02  Hz  to  500  kHz  and  in  the 
direct  mode  of  400  Hz  to  2  MHz.  A  variety  of 
gains  allowed  the  measurement  of  fields  between 
4  V/m  and  40,000  V/m.  Fig,  1  shows  the  overall 
experimental  setup  including  the  location  of 
the  trailer  that  housed  the  electric  field 
system. 

The  VHF  source  location  system  comprised 
four  VHF  stations  located  about  20  km  apart  as 
shown  in  Fig.  1,  The  VHF  radiation  at  each 
station  was  (a)  detected  with  an  omnidirectional 
antenna,  (b)  passed  through  a  filter  with  a 
center  frequency  of  63  MHz  and  a  bandwidth  of 
6  MHz,  (c)  log  amplified,  (d)  envelope  detected, 
and  (a)  recorded  on  a  modified  version  of  the 
RCA  VCT  201  Video  Cassette  Recorder.  The  sys¬ 
tem  allows  V1IF  locations  from  the  measurement 
of  the  difference  in  the  time  of  arrival  of  a 
given  pulse  at  the  four  stations  as  explained 
in  Rustan  et  al.  (3)  and  Proctor  (4).  The  time 
correlation  necessary  for  this  measurement,  about 
0,1  ps,  was  accomplished  by  using  WWV  for  crude 
time  correlation  and  the  vertical  and  horizontal 
sync  pulses  from  WINK-TV  in  Fort  Myers  (shown 
in  Fig.  1)  for  fine  time  correlation.  The  hor¬ 
izontal  sync  pulses  have  a  rate  of  one  each  63 
ps. 


★Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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DATA 

A  conceptual  sketch  of  the  lightning 
channels  of  a  two-stroke  flash  occurring  on 
July  16,  1981  at  17:09:40  EDT  Is  shown  in  Fig. 

1.  The  sketch  is  based  on  the  VHF  time  of 
occurrence  and  location  of  the  VHF  radiation 
sources  shown  in  plan  view  in  Fig.  2a  and  look¬ 
ing  north  in  Fig.  2b.  The  location  and  orien¬ 
tation  of  the  WC-130,  which  was  flying  at  5.2 
km,  is  also  shown  in  both  figures. 

Both  strokes  appeared  to  originate  from 
about  the  same  region,  but  the  second  went  to 
a  different  ground  strike  point,  about  5  km 
north-west  about  250  ms  after  the  first  stroke. 

The  first  VHF  radiation  sources  start 
about  50  ms  before  the  first  return  stroke,  at 
an  altitude  of  about  7  km,  that  is,  2  km  above 
the  level  of  the  WC-130,  and  about  7  km  east 
and  3  km  south  of  it.  The  source  locations  then 
spread  up  and  down  about  1  km  and  east  to  about 
8  km  in  about  5  ms.  During  the  last  5  ms  before 
the  return  stroke,  the  source  locations  are  at 
an  altitude  between  4  km  and  1  km,  from  7  to 
10  km  oast  and  from  2  to  6  km  south  of  the 
WC-130.  The  ground  strike  point  of  the  first 
stroke  appears  to  be  between  7  and  8  km  east 
and  2  to  3  km  south  of  the  WC-130.  For  about 
0.5  ms  after  the  return  stroke,  VHF  sources 
appear  between  3  and  8  km  altitude,  7  to  10  km 
east  and  1,5  to  8  km  south  of  the  WC-130. 

About  200  ms  later,  VHF  sources  become 
active  for  0.5  ms  between  6  and  3  km  altitudes, 

5  to  9  km  east  and  2  to  3  km  south  of  the 
WC-130.  Then,  30  ms  later,  for  about  1  ms,  VHF 
sources  appear  from  5  km  down  to  1.5  km  alti¬ 
tudes,  4  to  5  km  east  and  2  to  5  km  south  of 
the  WC-130.  The  strike  point  appears  to  be 
about  5  km  east  of  the  WC-130. 

Figs.  3,  4,  and  5  show  the  vertical  elec¬ 
tric  field  at  the  ground  station,  the  airborne 
vertical  electric  field  on  the  aft  upper  fuse¬ 
lage  (AUF  in  Fig.  1),  and  the  magnetic  field  in 
the  direction  of  the  fuselage  as  measured  on  the 
forward  upper  fuselage  (FUF  on  Fig.  1),  respec¬ 
tively,  for  the  first  stroke  in  the  flash. 

The  stroke  which  produced  the  electric 
field  in  Fig.  3  was  at  a  range  of  16  km  from 
the  ground  station  and  8  km  from  the  aircraft. 
The  airborne  field  magnitudes  in  Figs.  4  and  5 
are  not  corrected  for  field  distortion  by  the 
aircraft.  The  stepped  leader  pulses  which  pre¬ 
cede  the  return-stroke  transition  and  the  first 
ten  microseconds  or  so  of  the  return-stroke 
field  are  essentially  radiation  field  at  these 
ranges;  and  the  fields  on  and  above  the  ground 
are  expected  to  have  essentially  the  same  shape 

(5) ,  as  the  results  in  Figs.  3,  4,  and  5  con¬ 
firm.  After  about  10  ps,  the  return-stroke 
electric  fields  show  an  electrostatic  component 
which  the  magnetic  field  does  not  possess  (5) 

(6) .  Additionally,  the  low-frequency  cut  off 
of  the  system  used  to  obtain  the  magnetic  field 
shown  in  the  figure  decays  slightly  faster  than 
the  actual  field. 


The  first-stroke  electric-field  intensity 
measured  at  the  ground  station  has  an  initial 
peak  value  of  50  V/m,  or  8.0  V/m  normalized  to 
100  km,  a  peak  field  typical  of  Florida  light¬ 
ning  (7).  The  comparable  field  values  at  the 
WC-130  are  110  V/m,  or  a  normalized  8.8  V/m, 
on  the  forward  upper  fuselage,  and  32  V/u1,  or 
a  normalized  2.6  V/m,  on  the  aft  upper  fuselage. 
The  second  stroke  peak  field  measured  on  the 
ground  was  14  V/m,  and  the  stroke  was  at  a 
range  of  14  km,  resulting  in  a  normalized  field 
of  2.0  V/m,  a  relatively  small  value  for  Florida 
return  strokes  (7).  Hie  airborne  second  stroke 
fields  were  comparably  small  and  difficult  to 
make  any  measurements  on  other  than  amplitude. 

In  the  first  stroke  field  records  the  ratios  of 
the  stepped-leader  pulse  heights  to  the  return 
stroke  peak  are  essentially  the  same,  on  average 
about  0.1,  and',  as  expected,  the  stepped-leader 
pulses  occur  at  the  seme  times  before  the  re¬ 
turn  stroke  on  all  three  records,  as  can  be 
seen  in  Figs.  3,  4,  and  5.  The  zero-to-peak 
rise-time  of  the  first  return  stroke  measured 
at  the  ground  is  about  3.0  ps,  also  consistent 
with  typical  values  measured  in  Florida  (7), 
with  airborne  values  of  2.9  ps  at  the  forward 
upper  fuselage  and  2.6  ps  at  the  aft  upper 
fuselage.  Stepped  leader  pulses  have  zero-to- 
peak  rise-times  on  the  ground  of  about  1  ps 
and  full-widths  at  the  pulse  base  of  about  2  ps. 
Comparable  airborne  values  are  0.8  ps  and  1.2 
ps  at  the  forward  upper  fuselage  and  0.3  ps  and 
1.0  ps  at  the  aft  upper  fuselage.  All  measured 
rise-times  are  well  within  system  limits.  The 
rise-times  on  the  ground  are  expected  to  be 
longer  than  in  the  air  because  of  the  effects 
of  groundwave  propagation  involving  a  non- 
perfectly-conducting  earth,  as  discussed  in 
Lin  et  al.  (7),  Uman  et  al.  (8),  and  Weidman 
and  Krider  (9).  The  reason  that  the  rise-times 
at  the  aft  upper  fuselage  are  faster  than  those 
at  the  forward  upper  fuselage  is  not  known,  but 
aircraft  resonances  may  contribute  to  this 
effect.  Wing  and  fuselage  resonances  are 
excited  by  the  airborne  horizontal  electric 
field  which  is  the  dominant  field  within  about 
1  km  of  a  return  stroke  and  is  comparable  to 
the  vertical  field  near  10  km  (5).  The  leader 
pulse  rise-times  are  somewhat  slower  than  the 
typical  values  for  10  to  90  percent  of  0.1  ps 
reported  in  Weidman  and  Krider  (10)  for  light¬ 
ning  over  salt  water. 

Maximum  rates-of  change  of  airborne  elec¬ 
tric  field  for  both  leaders  pulses  and  return 
strokes  were  the  same,  about  40  V/m  ps,  or 
3.2  V/m  ps  normalized  to  100  km.  These  are  to 
be  compared  with  the  normalized  mean  of  30  V/m 
ps  for  return  strokes  and  21  V/m  ps  for  leader 
pulses  reported  in  Weidman  and  Krider  (9)  (10) 
for  lightning  over  salt  water. 
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Fig.  1  -  The  experimental  setup  including  the 
position  of  the  WC-130  at  17:09:40  EDT  on  July 
19,  1981  and  a  drawing  of  the  two  lightning 
channels  to  ground  deduced  from  VHF  time-of- 
arrival  measurements 
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Fig.  Captions,  Kasemir  ..Static  Discharges. . 


Fig.  1  -■  Charge  distribution  on 
charged  leader 

a.  Stepped  leader 

b.  After  returen  stroke 

c.  Cloud  discharge  advancing  upwards 

d.  Claud  discharge  adwandinc  downwards 


Fig.  2  -  Charge  distribution  on 
uncharged  leader 

a.  Stepped  leader 

b.  After  return  stroke 

c.  Cloud  discharge  beginning  stage 

d.  Cloud  discharge  end  stage 
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Fig.  3  -  Corona  discharge  on  Orbiter 


Fig.  4  -  Flash  over  on  Orbiter 
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ABSTRACT  1 

The  UHF-  <70.5  cm  wavelength)  and  S-band  (10  cm  wavelength)  radar  at 
NASA/Wallopa  Island  Research  Facility  in  Virginia  U.S.A.  have  been  used  to 
relate  ligh“ning  activity  with  altitude  and  with  reflectivity  structure  of 
thunderstorms.  Two  centers  of  lightning  flash  density  were  found;  one 
between  6  and  8  km  altitude  and  another  between  11  and  15  km.  Our  observa¬ 
tions  appear  to  correspond  to  observations  by  Taylor  et  al.  £9*Ty  oi  two 
classes  of  discharges  separated  in  altitude. 


THE  LOCATION  OF  lightning  flashes  has 
been  examined  by  several  Investigators. 
The  methods  of  such  studies  have  utilized: 

1)  a  network  of  electric  field  change 
sensors  for  location  of  charges  neutralized 
during  a  flash  (1);  2)  three-dimensional 
mapping  of  VHF  radiation  sources  associated 
with  flashes  (2,3);  3)  mapping  of  strike 
points  of  cloud-to-ground  flashes  using  two 
or  more  cross-loop  magnetic  direction 
finders  (4);  4)  radar  indications  of 

lightning  channels  in  two  dimensions  (5,6); 
and  5)  acoustic  techniques  to  reconstruct 
the  three-dimensional  structure  of 
lightning  from  thunder  (7).  We  have  found 
the  use  of  radar  to  be  most  effective  for 
determining  lightning  distributions  in 
real  time,  and  for  guiding  an  Instrumented 
aircraft  so  that  It  will  be  struck  by 
lightning  (8). 

The  antenna  pattern  and  wavelength  are 
critical  factors  for  effective  lightning 
location  by  radar.  With  longer  wavelength, 
the  reflectivity  from  precipitation 
decreases  while  backscattering 
lightning  channels  Increases.  The  combined 
necessity  of  a  long  wavelength  radar  (tens 
of  centimeters)  for  better  separation  of 
lightning  echoes  from  precipitation  eego 
and  a  narrow  beamwidth  antenna  (e.g.  <  3  ) 
for  greater  accuracy  in  mapping  leads  to 
antennas  of  considerable  sizes.  Raoars 
with  such  characteristics  are  uncommon. 
One  such  radar  is  the  UHF-band  radar  (70.5 
cm  wavelength)  at  NASA/Wallops  Island 
Research  Facility  in  Virginia.  The  results 
of  our  study  of  lightning  structure  of 
frontal  storms  with  that  unique  radar  are 
presented  here. 


EXPERIMENTAL  TECHNIQUE 

Prior  to  and  during  periods  between 
storm  penetrations  by  a  F106  research 
aircraft,  we  used  the  10-cm  wavelength 


radar  (SPANDAR)  to  record  precipitation 
reflectivity  while  the  UHF  radar  was  used 
to  locate  lightning  flashes.  Table  1  shows 
the  Important  specifications  for  these 
radars.  Both  radars  were  operated  In  an 
RHI  (range-height  indicator)  mode.  The  UHF 
radar  was  held  at  a  constant  azimuth  while 
its  elevation  was  stepped  in  2.5° 
increments,  with  a  30  s  holding  period  at 
each  elevation  angle.  A  complete  vertical 
scan  of  nearby  storms  at  a  single  azimuth 
usually  took  about  5  min.  The  SPANDAR  was 
scanned  continuously  within  the  2.5 
azimuth  sector  of  the  UHF  radar. 


Table  1  -  The  Operating  Characteristics 
of  UHF-  and  S-band  Radars 


S-band  UHF-band 
(SPANDAR) 


Peak  power,  MW 
Pulse  width,  us 
Pulse  repetition 
rate,  1/s 

Beam  width,  degrees 
Beam  pattern 
Receiver 

sensitivity,  dBm 


1  1 

1  1 

320,640  320,640 

0.4  2.6 

conical  conical 

-119  -112 


RESULTS 


We  characterized  the  lightning 
activity  by  the  flash  density:  i.e.,  the 
number  of  flashes  per  minute  observed  in 
each  kilometer  interval  along  the  radar 
beam.  Our  UHF  radar  measurements  show  that 
returns  from  lightning  echoes  arc  at  least 
25  dBz  higher  than  those  from 
precipitation.  The  radar  cross  section 
(RCS)  of « lightning  channels  varies  from 
about  10  m,  received  from  regions  without 
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any  precipitation  echo  in  UHF-bapd,  to  the 
maximum  value  of  about  100  nT  received 
elsewhere.  Most  lightnina  echoes  with 
small  amplitudes  (  <  0.1  nr)  occurred  at 
high  elevation  angles  near  the  top  of  the 
storm.  The  number  of  such  echoes  decreased 
considerably  at  lower  elevation  angles, 
possibly  due  to  the  absence  there  of  short, 
low  current  discharges  present  only 
in  the  upper  part  of  the  storm,  or  due  to 
echoes  from  small  lightning  discharges 
being  indiscernible  within  the  more  intense 
precipitation  at  lower  heights.  Because  of 
this  uncertainty,  we  limited  our  analysis 
to  lightning  echoes  with  the  RCS  ^  0.1  nr 
which  is  about  the  minimum  value  detected 
in  precipitation  regions.  On  11  August 
1982,  a  storm  was  south  of  Wallops  Island 
and  in  the  front  part  of  a  northeastward 
moving  squall  line.  The  RHI  scans  were 
made  when  the  storm  center  was  about 
215° ( SW ) ,  187° (S ) ,  and  160°(S£)  of  Wallops 
Island.  Figures  1-3  show  lightning  flash 
density  superimposed  on  a  vertical 
precipitation  reflectivity  structure  of 
the  storm. 


REFLECTIVITY  (dBZ) 

FLASH  DENSITY  (l/mln/km) 

—  >2  C0>8  Cffl>l2  0>I4  ■>  16 


RANGE  (km) 


Fig.  1  -  Storm  structure  and  contoured 
lightning  flash  density  on  11  August  1982, 
1903.41-1908.07  UT. 

Notice  two  'cores'  of  lightning  activity. 
Also  notice  that  50  d8Z  precipitation  core 
in  rear  (^44  km  range)  is  devoid  of 
lightning  while  front  part  of  the  same 
reflectivity  core  is  within  the  lower 
lightning  maximum.  Azimuth  is  215°  from 
the  radar. 
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Fig.  2  -  Storm  structure  and  contoured 
lightning  flash  density  on  11  August  1982, 
1917.40-1923.00  UT. 

The  upper  level  lightning  maximum  almost 
dissipates  and  its  lower  counterpart 
spreads  into  both  lower  precipitation 
cores.  Azimuth  is  187°  from  the  radar. 


In  the  period  1903-1908  UT  two  "cores" 
of  lightning  density  that  are  vertically 
separated  are  present  in  the  storm.  The 
lower  one  is  associated  with  the  front  part 
(relative  to  the  storm  movement)  of  a  50 
dBZ  precipitation  core,  while  the  upper 
maximum  is  near  the  top  of  the  40  dBZ 
reflectivity  contour.  During  the  period 
1917-1923  UT,  the  upper  lightning  density 
maximum  is  decreased  considerably  and  the 
top  of  the  40  dBZ  reflectivity  has  lowered 
from  13.5  krn  to  less  than  12  km.  The  lower 
lightning  density  maximum  is  now  found  in 
both  parts  of  the  50  dBZ  reflectivity.  The 
front  part  of  the  50  dBZ  region  has 
increased  in  altitude  from  8  km  to  9.5  km, 
and  a  new  60  dBZ  core  has  developed  inside 
the  rear  portion  of  the  storm.  In  the 
third  period,  1951-1956  UT,  the  upper 
lightning  density  maximum  is  again  present. 
The  lower  maximum  has  decreased  about  0.5 
km  in  altitude  and  now  is  associated  with 
the  heavy  precipitation  region  (60  dBZ) 
which  is  elongated  downward.  In  each  of 
the  three  series  of  observations  the 
highest  region  where  lightning  echoes  were 
observed  is  above  the  upper  contour  of  10 
dBZ  reflectivity  level. 
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Fig.  3  -  Storm  structure  and  contoured 
lightning  flash  density  on  11  August  1982, 
1951.28-1956.21  UT. 

The  upper  level  lightning  density  core  is 
again  obvious;  the  lower  one  diminishes  and 
the  heavy  precipitation  (60  dBZ)  elongates 
downward. 

CONCLUSIONS 

The  results  shown  here  indicate 
clearly  the  presence  of  two  centers  of 
lightning  activity  located  in  lower 
(between  6  and  8  km)  and  upper  portions 
(above  11  km)  of  the  severe  storm. 
Lightning  density  was  greater  in  one  center 
or  another  at  different  times;  however,  the 
lower  maximum  varied  only  little  with  time 
while  the  upper  one  changed  significantly. 

Our  finding  of  two  cores  of  lightning 
density  that  are  vertically  displaced  is 
similar  to  a  finding  of  Taylor  et  al.  (9) 
in  non-severe  and  marginally  severe 
Oklahoma  thunderstorms  using  a  dual  VHF- 
mapping  system  (6)  for  lightning  location. 
Taylor  et  al.  identified  a  class  of  small 
intercloud  flashes  called  minor  flashes  in 
a  region  centered  at  about  11-13  km 
altitude.  These  flashes  produce  only  a 
small  number  of  VHF  radiation  sources  in 
each  flash,  but  they  occur  at  higher  rates 
than  the  larger  ones.  It  seems  reasonable 
that  their  small  size  associated  with  small 
RCS.  Therefore  the  group  of  echoes  with 
the  RCS  less  than  0.1  m^  situated  mostly  at 
upper  part  of  the  storm,  which  we  did  not 
include  in  the  analysis,  could  be  echoes 
from  minor  flashes.  If  we  had  counted 


these  small  echoes,  the  lightning  density 
in  the  upper  part  of  the  storm  would  have 
been  even  greater,  while  that  in  the  lower 
part  would  remain  essentially  the  same. 
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LIGHTNING  SHOCKWAVE  EFFECTS  ON  AIRCRAFT  FUEL  VENT  LINES 
T.  S.  Lee*  and  J.  D.  Robb** 

ABSTRACT 

Earlier  researches  have  shown  unusually  high 
pressures  from  lightning  strikes  into  aircraft  fuel  vents 
which  are  ef fluxing  flammable  fuel  mixtures.  A  combination 
detonation  wave  and  shockwave  has  been  suggested  as  the 
explanation  for  this  damage.  Recent  investigations  of 
possible  lightning  effects  on  oil  tanker  vents  has 
suggested  that  lightning  strikes  close  to  the  vent  could, 
in  fact,  produce  this  combination  shockwave  and  detonation 
wave  which  could,  because  of  the  high  pressures  involved, 
defeat  the  conventional  flame  arresters  used  for 
protection. 

Investigations  and  calculations  have  disclosed  that 
into  a  vent,  even  weak  finite-amplitude  acoustic  waves  will 
evolve  during  propagation  into  a  full  detonation  wave  as 
the  pressure  progressively  builds  up,  if  the  vent  line  is 
sufficiently  long.  This  distance  is  called  the  "run-up 
distance"  and  studies  of  conventional  shockwave  run-up 
distances  have  indicated  the  general  parameters. 
Calculations  of  the  run-up  distances  when  triggered  by  a 
lighting  discharge  indicate  that  these  can  be  fairly  short 
if  a  full  lightning  shock  pressure  is  present  at  the  vent 
inlet.  This  suggests  that  jettison  tubes  or  vents  should 
be  located  well  away  from  probable  lightning  strike  points 
on  aircraft. 


*  University  of  Minnesota,  Lightning  &  Transients  Research 
Institute 

**  Lightning  &  Transients  Research  Institute 


Thij  paper  was  not  available  for  incorporation  into  thii  book.  Therefore,  it  will 
be  published  at  a  future  date. 


THE  EFFECTS  OF  NEW  TECHNOLOGY  TRENDS  ON  AIRCRAFT  LIGHTNING  VULNERABILITY 
AND  THE  CAPABILITY  TO  IDENTIFY  TECHNOLOGY  DEFICIENCIES 


D«  T.  Auckland  and  R.  F.  Wallenberg 
Syracuse  Research  Corporation,  Syracuse,  New  York 
J.  A.  Birken 

Naval  Air  Systems  Command ,  Washington,  D.  C. 


ABSTRACT  , 

Operational  aircraft  representing  the  1960  and  1970  technology 
time  frames  were  tested  in  the  Full-Level  Lightning  Aircraft  System 
Hardening  (FLLASH)  program  at  Albuquerque,  New  Mexico,  during  the  spring 
and  summer  of  1982.  The  direct-strike  lightning  threat  was  simulated 
and  peak  injection  currents  Of  180  kA  were  achieved.  A  methodology 
was  developed  during  this  program  which  enables  the  aircraft  designer 
to  perform  trade-off  studies  at  very  early  design  stages  involving 
avionics  packages,  airframe  configurations,  and  various  threat 
scenarios. 
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DISCUSSION 

NEW  MATERIALS,  AIRCRAFT  designs,  and  high- 
level  threats  are  rapidly  emerging  which 
necessitate  that  future  aircraft  satisfy 
mission  requirements  from  the  onset  of 
design.  Mission  requirements  now  include 
surviving  extreme  electromagnetic  threat 
levels  using  low-level  solid-state  equipment 
which  comprise  fly-by-wire  control  systems, 
and  composite  materials  which  can  compromise 
electromagnetic  shielding,  A  new  methodol¬ 
ogy  has  been  developed  which  can  aid  in 
making  a  first-cut  evaluation  of  the 
electromagnetic  vulnerability  of  a  new 
platform  at  a  very  early  design  stage.  This 
methodology  has  been  applied  to  low  frequen¬ 
cy  threats  such  as  lightning  and  the  nuclear 
electromagnetic  pulse,  and  is  currently 
being  extended  to  microwave  frequencies. 
This  ability  to  evaluate  performance  and 
cost  impact  of  new  technologies  and  modern 
threats  has  extremely  high  value. 

To  synthesize  the  electromagnetic 
protection  required  by  new  technologies  such 
as  fly-by-wire  and  composite  material 
aircraft,  it  is  necessary  to  generate  the 
Fig.  1  transfer  functions  D(f)  and  T^(f) 

through  T,.(f)  for  different  airframes  and 

avionic  systems. 

Knowledge  of  the  transfer  functions 
allows  evaluation  of  voltages  and  currents 
which  will  result  from  the  different 
threats.  Transfer  functions  are  moat  easily 
obtained  from  frequency  domain  measurements 
or  theoretical  calculations.  They  may  then 
be  tabulated  in  several  data  files,  which 
are  used  by  a  simulation  program  package. 
Fig.  2  illustrates  the  difference  between 
the  threat  spectra,  D(f) ,  for  lightning  and 
nuclear  electromagnetic  pulse  (NEMP) , 
Typical  point-of-entry  transfer  functions 
are  illustrated  In  Figs,  3  and  A  for 
composite  panels  (transfer  impedance)  and 
Joints  (transfer  admittance),  respectively, 
Mora  detail  concerning  the  transfer  function 
approach  and  methodology  description  may  be 
found  in  References  [1]*  and  [2]. 


’•'Numbers  in  brackets  designate  References  at 
end  of  paper. 

The  ever  increasing  complexity  of 
present  and  future  platform  designs  also 
pushes  the  designer  into  consideration  of 
several  cross-discipline  issues.  These 
include  environmental  effects  on  new 
airframe  materials,  aerodynamic  effects  due 
to  shielding  improvements,  and  many 
synergistic  effects  which  relate  to  overall 
mlesiou  performance.  A  genera.1  algorithm 


for  hardening  a  proposed  platform  against 
various  threats,  including  external 
electromagnetic  and  environmental,  has  been 
developed.  Each  step  toward  the  ultimate 
design  goal  may  be  taken  by  a  combination 
of  simulation  techniques  or  test  results. 
A  feedback  loop  is  included  which 
incorporates  the  important  trade-off 
considerations  that  must  be  made. 

Measured  results  show  that  conductive 
coatings  applied  to  composite  material 
laminates  provide  significant  protection 
against  structural  degradation  during  a 
direct  lightning  strike  attachment  as  well 
as  providing  improved  shielding.  A  feeling 
for  the  circuit-level  protection  afforded 
by  various  types  of  coating  materials  can 
be  seen  in  Fig.  5.  Here  a  3m  length  of 
100-ohm  line  is  terminated  in  its 
characteristic  impedance  and  a  fussing? 
longitudinal  current  density  of  6A  kA/m  is 
assumed  to  flow  on  the  panel  material 
exterior.  This  corresponds  approximately 
to  a  200  kA  direct  strike  on  a  l/2m  radius 
fuselage.  Various  maximum  open-circuit 
voltages  are  given  from  1  to  500V  for 
different  conductive  coating  thicknesses 
using  uncoated  8-ply  graphite/epoxy  as  a 
baseline.  Wunsch  constants  are  given  in 
parenthesis  and  represent  the  minimum 
Wunsch  constant  that  a  semiconductor 
Junction  must  have  if  it  is  to  survive 
being  connected  directly  in  the  circuit. 
For  example,  50V  of  open-circuit  voltage 
protection  is  provided  with  a  45-mil 
coating  of  aluminum  on  8-ply  graphite/ 
epoxy.  If  uncoated,  the  graphite/epoxy 
panel  would  have  to  be  30  cm  thick  to 
provide  50V  protection  against  64  kA  of 
external  surface  current  density. 

Protection  by  coatings,  however,  is 
gained  at  the  expense  of  a  weight  penalty. 
Various  protection  techniques  are  also 
available  to  the  aircraft  manufacturer  at 
the  wire  harness  or  circuit  level.  These 
include  mismatches  between  source  and  load 
impedances  and  use  of  voltage  limiters.  A 
trade-off  between  the  protection  provided 
by  these  methods  and  that  provided  by 
conductive  panel  coatings  is  performed  in 
Reference  £31 . 

The  mechanisms  by  which  direct-strike 
lightning  couples  to  the  interior  of  a 
platform  is  extremely  dependent  on  platform 
design  (i.e.,  T^,  T^,  and  Tj) .  The  material 

distribution  of  a  £iy-by-wlre  mixed  metal/ 
composite  aircraft  is  illustrated  in 


Fig.  6.  Experiments  were  conducted  during 
the  FLLASH  tests  to  provide  operational 
airframe  data  to  refine/corroberate  assump¬ 
tions  made  in  the  methodology.  Further 
experiments  will  provide  additional  detail. 

This  methodology  is  being  applied  to 
the  analysis  of  the  impact  of  advanced- 
concept  avionics  packages  on  new  airborne 
weapon  systems.  Examples  of  this  are  the 
impact  of  airframe  configuration  on  the 
all-new  JVX  aircraft  depicted  in  Fig.  7  and 
the  implementation  of  the  Advanced  Digitial 
Optical  Control  System  (ADOCS)  being  con¬ 
sidered  for  the  US  Army  Black  Hawk  helicop¬ 
ter  shown  in  Fig.  8.  The  Navy  Seahawk, 
which  is  vary  similar,  is  shown  for  compari¬ 
son  of  airframe  material  distribution. 

The  helicopter  Is  a  substantially 
poorer  "Faraday  shield"  than  the  fixed-wing 
fighter  and,  consequently,  interior  field 
levels  due  to  aperture  coupling  are  of  great 
concern.  It  can  be  shown  that  for  a  unit 
H-field  incident  plane  wave  at  1  MHz, 
electric  field  strengths  inside  the  cockpit 
can  be  as  high  as  2000  V/m  using  the 
methodology.  Also,  for  cable  bundles  lying 
outside  the  Faraday  shield,  as  is  the  case 
for  harnesses  on  the  roof  of  the  helicopter, 
induced  voltages  as  high  as  A000V  have  been 
predicted  for  100  kA/ps  rates  of  direct- 
strike  rotor-co-tail  current  rise.  Voltages 
cen  be  much  higher  if  the  circuit  is  near  a 
concentrated  current  path  such  as  the  rotor 
shaft  or  if  the  particular  circuit  had  a 
relatively  large  loop  area.  The  wire  bundle 
used  in  this  example  is  shown  in  Fig.  9  and 
is  located  on  the  roof  of  a  mixed  Kevlar/ 
metal  helicopter.  These  predicted  levels 
are  comparable  to  reported  test  results. 
Table  1  summarizes  estimates  of  peak  induced 
voltage  for  a  cable  on  top  of  the  helicopter 
when  struck  by  a  lightning  waveform  on  the 
rotor  blades.  Waveforms  of  various  rates  of 
rise  are  considered. 

CONCLUSION 

The  importance  of  the  capability  to 
identify  technology  impacts  in  new  platforms 
is  underscored  by  recent  lightning  test 
results  [3,  A,  5,  and  6].  In  particular,  it 
was  found  that: 

*  Graphite/epoxy  materials  may  be  used  in 
place  of  metal  if  adequate  protection 
techniques  are  implemented. 

*  Kevlar  requires  protection  beyond 
graphite/ epoxy  to  compensate  for  its  lack 
of  conductivity. 

°  Conductive  coatings  can  significantly 
improve  composite  material  shielding 
properties. 

®  Nonconducting  radomes  should  have 
lightning  protection. 

*  Methodology  allows  designs  to  be  adjusted 
to  changing  requirements,  technologies, 
and  threats. 

“  Methodology  informed  sponsor  of  advan¬ 
tages  and  deficiencies  of  new 


technologies,  new  threats,  and 
modifications  Imposed  on  its  platform. 

*  Methodology  can  aid  in  ranking  IR&D 
programs. 

*  Such  an  integrated  overview  forms  the 
basis  for  proposing  and  justifying  new 
programs  needed  to  overcome  technical 
deficiencies. 

In  addition,  tests  have  shown  that 
adequately  hardened  subsystem  boxes  can 
significantly  harden  device  susceptibility. 
Consequently,  total  subsystems  rather  than 
devices  must  be  illuminated  in  teats. 

Analysis  to  date  has  identified  a 
number  of  technology  voids  when  considering 
the  high-level  lightning  threat  as  summa¬ 
rized  in  Fig  10.  It  indicates  some  of  the 
areas  in  which  technology  gaps  must  be 
filled.  As  work  continues,  other  voids 
requiring  detailed  analysis  and 
experimentation  will  be  identified. 
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Fig.  1  -  Electromagnetic  Warding  methodology  parameters 


Fig.  2  -  Normalized  amplitude  spectrum  of  double  exponential 
Waveform  for  various  Values  of  a  and  3 
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Fig,  A  -  Joint  admittance/unit  width  ae  a  function  of  frequency 
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COMPOSITES  APPLICATION 


Principle  Coupling  Through 
Joints  and  Apertures 
(Cockpit,  Wheelwells,  and 
Radome) 


°  Kevlar  Appears  Susceptible 
#  Unknown  Above  18  GHz 


Structure! 
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Fig.  7  -  Artie t  rendering  of  JVX 
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Table  1  -  Peak  Induced  voltage  on  2m  cable  3  In. 

above  Kevlar/metal  helicopter  roof  area 
caused  by  direct  strike  to  rotor 


Direct-Strike  (Injection) 
Current  Description 

Nominal  Rate 
of  Rise  (kA/us) 

Peak  Open-Circuit 
Voltage  (V) 

LTRX  Test  Waveform 
(Reference  5) 

0.04 

1.5 

Full-level  Threat 
(Recommended  SAE  Waveform) 

100 

4000 

AFFDL  1  kA  FLLASH  Waveform 
(References  3  and  4) 

2.5 

100 

SARDIA  80  kA  FLLASH  Waveform 
(References  3  and  4) 
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ABSTRACT 

^A. fiberglass  radoue,  mounted  on  uu  operational  aircraft,  was  subjected  to  a 
direct  lightning  strike  attachment  experiment.  It  was  found  that  lightning 
diverter  scrips  could  be  effectively  used  tu  prevent  damage  from  occurring  to  the 
rMome.  Omission  of  any  protective  scheve,  howwver,  resulted  In  burnthrough  of  the 
radome  surface  and  arcing  to  the  edge  of  the  phased  array  radar  antenna.  These 
tect  results  are  discussed  in  context  With  the  application  of  nonconducting 
composite  materials,  such  as  Kevlar,  to  airframe  component  design. 
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DISCUSSION 

DURING  THE  SPRING  and  summer  of  1982,  Full 
Level'  Lightning  Aircraft  System  Hardening 
(FLLASH)  testa  were  performed  on  two 
operational  aircraft  at  Sandla  National 
Laboratory  In  Albuquerque,  NM.  During  the 
end  of  these  tests,  It  was  attempted  to  get 
the  Sandla  lightning  simulator  to  arc  to  the 
radome  of  one  of  the  aircraft.  The  radome 
consists  of  layers  of  fiberglass  and  is 
nonconducting  except  for  a  metal  wear  tip. 
The  test  bed  configuration  is  shown  In  Fig. 
1.  Further  details  concerning  the  test 
fixture  and  Sandla  lightning  facility  are 
given  in  [1]*  and  [2]. 

A  combination  of  basJ '  and  derived 
parameters  may  be  used  to  represent 
lightning  flashes.  Those  used  for  the 
Sandla  simulator  are:  the  stroke  rise  time, 
number  of  strokes  per  xlash,  peak  current  in 
a  single  stroke,  action  integral  (the 
Integral  of  the  square  of  the  current  with 
respect  to  time) ,  and  total  charge 
transferred. 

Some  simple  analyses  show  that  this  set 
of  parameters  is  reasonable  for  describing 
the  severity  of  lightning  effects.  The  rise 
time  is  important  because  the  coupling 
through  apertures  increases  with  decreasing 
rise  time  and  correspondingly  greater  high 
frequency  content.  The  number  of  strokes  is 
important  because  of  the  synergistic  effects 
which  may  occur  because  the  first  of  e 
series  of  strokes  produces  Initial  effects 
which  allow  significant  damage  t j  occur  on 
later  etrokae.  The  peak  currant  is 
Important  because  it  determines  the  maximum 
magnetic  forces  which  a  structure  may 
experience.  The  ac  Ion  integral  is 
Important  becauoe  whan  resistive  heating 
damage  effects  are  expected,  the  action 
integral  times  the  resistance  gives  the 
deposited  energy.  Finally,  the  total  charge 
transferred  is  important  in  such  phenomena 
as  buinthrough  when  a  plasma  is  formed  at 
the  surface,  since  in  this  cate  the  energy 
deposited  in  proportional  to  the  total 
charge  times  the  plasma  voltage  drop. 


‘Numbers  In  brockets  designate  references  at 
end  of  paper. 

The  capability  to  produce  the  levels 
required  is  made  possible  by  a  circuit 
concept  which  has  not  previously  been  used 
for  lightning  simulation,  although  the 
general  concept  has  been  studied 
extensively  for  other  purposes.  The  key  to 
the  circuit  used  in  the  Sandie  lightning 


simulator  is  the  use  of  a  crowbar  switch 
across  the  Marx  generator  used  to  supply 
the  high  voltage  required  to  produce  the 
high  current  levels  in  an  external  load. 
The  use  of  a  crowbar  switch  produces  an 
essentially  nonlinear  circuit  In  which, 
before  closure  of  the  crowbar  switch,  the 
circuit  is  a  lightly  damped  L-C  circuit, 
while  after  closure  the  circuit  becomes  an 
L-R  circuit.  The  circuit  is  shown  in  Fig. 
2. 

With  thic  design,  the  lightning 
current  rise  time  is  dependent  upon  the 
product  of  the  Marx  capacitance  and  the 
total  circuit  Inductance,  which  is  a  series 
combination  of  the  external  loud  inductance 
(equipment  under  test) ,  the  intrinsic  Marx 
inductanca,  the  interconnection  inductance, 
and  the  deliberately  added  Inductance  to 
provide  the  desired  current  rise  time.  The 
decay  time  of  the  current  la  then 
determined  by  the  ratio  of  the  total 
circuit  inductance  to  the  total  circuit 
resistance.  With  a  total  circuit 
inductance  on  the  order  of  9  microhenries, 
a  total  circuit  resistance  oh  thh  order  of 
0.1  ohms  is  required  to  give  a  decay  time 
on  the  order  of  the  desired  value  of  75 
microseconds.  This  low  a  value  turns  out 
to  be  well  within  achievable  ranges. 

The  nature  of  the  circuit  used  in  the 
Sandla  lightning  simulator  obviates  the 
requirement  for  s  large  damping  resistor, 
and  the  resulting  energy  efficiency  is 
approximately  two  ordure  of  magnitude 
better  than  an  overdamped  circuit  with 
essentially  the  earns  output 
character! sties.  The  crowbar  circuit 
requires  e  low  inductance  voltage  source  to 
drive  the  peak  current  through  the  external 
load  inductance,  -luce  the  peak  current 
obtainable  is  the  initial  voltage  times  the 
square  root  of  the  C/L  ratio  of  source 
capacitance  to  total  circuit  Inductance. 

A  Marx  generator  is  a  high  voltage 
generator  consisting  of  a  number  of 
capacitors  which  are  charged  in  parallel 
and  connoctad  in  series  by  spark  gaps. 
Initially  the  spark  gaps  are  open  circuits, 
and  an  external  po’^er  supply  is  uaed  to 
charge  the  capacitors  to  a  common  voltage. 
When  the  Marx  generator  ie  fired  (erected) 
one  or  more  spark  gaps  are  triggered,  and 
tha  untriggered  spark  gaps  are  rapidly 
fired  by  overvoltage.  The  resultant 
configuration  is  a  series  configuration  in 
which  the  capacitance  is  the  series 
combination  of  the  capacitors,  and  the 
voltage  is  the  original  charging  voltage 
times  the  number  of  capacitors  connected  in 


series.  A  voltage  multiplication  is  thus 
realised,  allowing  high  voltage  output  with 
relatively  low  voltage  input. 

During  testing  of  the  radome,  one  Marx 
generator  was  erected  which  yielded  a  peak 
current  of  60  kA  when  the  circuit  was 
completed  through  the  entire  aircraft.  Mo 
damage  was  incurred  by  the  radome  surface 
when  lightning  diverter  strips  were  used  as 
shown  in  Fig.  3.  Whan  the  diverter  strip 
was  removed,  however,  no  arc  could  be 
initiated  to  the  radome  surface.  In  crder 
to  initiate  breakdown  at  the  radome 
surface,  a  short  length  of  copper  tape  was 
used  as  shown  in  Fig.  4.  The  arcs  which 
were  then  initiated  on  the  radome  aurface 
propagated  from  the  corners  of  tha  copper 
tape  atrip  back  along  the  surface  to  tha 
position  of  the  phased  array  dish,  located 
as  shown  in  Fig.  5.  Bum  through  then 
occurred  as  the  arc  was  diverted  onto  the 
edge  of  the  phased  array  and  hence  to  the 
bulkhead  and  ground  return.  Flga.  6  and  7 
are  reproductions  of  pictures  taken  at  the 
test  site  showing  the  phase  array  mounted  on 
the  aircraft  and  the  radome  damage  area, 
respectively. 

CONCLUSIONS 

It  was  shown  that,  under  the  relatively 
dry  test  conditions  present,  lightning 
attachment  to  a  fiberglass  radome  could 
occur.  The  bulk  relative  dielectric 
constant  of  the  radome  ia  between  3  and  3 


with  negligible  conductivity.  These 
results  should  be  directly  applicable, 
then,  to  Kevlar,  which  has  very  similar 
electrical  properties.  Under  more  humid 
conditions,  as  would  probably  be  present 
during  an  actual  lightning  strike 
situation,  arcing  would  occur  much  more 
readily  along  the  radome  aurface  but 
bumthough  might  be  avoided  altogether 
depending  on  the  local  atmospheric 
conditions  at  the  radome  aurface. 

The  use  of  diverter  strips  has  been 
shown  to  offer  a  significant  degree  of 
protection  to  non-conducting  radomes.  It 
has  been  shown  that  without  them  the 
potential  for  damage  to  a  non-conducting 
radome  due  to  direct  lightning  strike 
attachment  is  great. 
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Fig.  1  -  lut  Bod  Configuration  for  FLLASH  Simulated  Lightning  louts 
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Fig.  2  -  Basic  Equivalent  Circuit  for  Sandla  Lightning  Simulator 
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AN  OVERVIEW  OF  THE  F-14A  AND  F/A-18A  LIGHTNING  TESTS 


R.  A.  Persia  and  C.  C.  Easterbrook 
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ABSTRACT 


During  the  spring  and  summer  months  of  1982,  various  low 
and  high  level  current  injection  tests  were  accomplished  on  the 
F-14A  and  F/A-18A  aircraft.  The  intent  of  this  paper  is  to  present 
an  overview  of  the  tests  and  a  summary  of  some  of  the  more  signifi¬ 
cant  results.  The  low  level  tests  included  swept  CW,  a  fast  (~300  ns) 
risetime  test,  and  a  nuclear  EMP  related  test  referred  to  as  the 
Surface  Current  Injection  Technique  (SCIT) .  High  level  pulses  up 
to  173  kA  with  a  10-90%  risetime  of  1.7  nsec  were  injected  into  a 
powered  up  active  aircraft.  Shock  excitation  tests  were  also 
performed  with  voltages  on  the  aircraft  on  the  order  of  1  MV. 
Comparisons  between  low  and  high  level,  fast  and  slow  risetime, 
and  CW  and  pulse  responses  are  suomarized.  In  addition,  because 
the  two  aircraft  afford  an  opportunity  to  compare  metal  and  carbon 
fiber  composite  (CFC)  construction,  comparisons  between  the  two 
aircraft  are  given. 


ERRORS  IN  LIGHTNING  DIRECTION  FINDING  BY  AIRBORNE  CROSSED  LOOPS 
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ABSTRACT 
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Analytical  and  cc  Tiuter  approaches  are  presented  for  predicting  the  site 
errors  of  airborne  crossed  loops  used  for  lightning  direction-finding.  This 
type  of  azimuth  error  is  caused  by  distortion  of  the  incident  field  due  to 
induced  skin  currents.  Computer  code  results  are  presented  for  a  T-39  and  a 
C-130  aircraft  used  in  flight- tea  ting  a  ccnmercial  cf^psed-  loop  system.  Another 
type  of  bearing  error,  caused  by  non-vertical  lightning  channels,  is  analyzed 
for  the  case  where  both  detector  and  lightning  source  are  above  a  conducting 
ground  plane.  Also  discussed  is  the  180-degree  ambiguity  arid  its  resolution 
by  an  electric  field  antenna. 
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AIRBORNE  CROSSED  LOOPS  may  be  used  to  sense  the 
azimuth  of  lightning  discharges  as  an  on-board 
aid  in  the  avoidance  of  thunderstorm  regions. 
However,  the  loops  can  be  susceptible  to  serious 
site  errors  in  lightning  direction-finding, 
depending  on  the  geometry  of  the  aircraft  and 
tto  loop  location  on  it  (1,  2,  3)*.  These  site 
errors  are  caused  by  scattering  (re-radiation 
due  to  induced  eddy  currents)  of  the  incident 
magnetic  wave  field  by  nearby  conducting  sur¬ 
faces  (the  skin  of  the  aircraft).  These  eddy 
currents  produce  a  secondary  magnetic  field  that 
results  in  a  total  magnetic  vector  of  generally 
different  (distorted)  orientation  from  the  inci¬ 
dent  orientation.  The  crossed-loop  detector  is 
"misdirected"  when  it  senses  the  distorted 
orientation  and  indicates  an  erroneous  bearing. 
(The  term  "misdirection"  was  used  earlier  in 
this  sense,  and  may  have  been  coined  by  A.  Som- 
merfeld  (13).)  Another  consequence  of  the  site 
error  is  that  it  disturbs  also  lightning  ranging 
systems  that  use  relations  between  magnetic 
amplitude  and  distance,  since  the  amplitude  as 
well  as  the  direction  is  distorted  by  the  scat¬ 
tering  effect. 

Two  approaches,  analytical  and  numerical, 
are  presented  for  analyzing  and  predicting  the 
site  errors  of  airborne  crossed  loops.  In  both 
approaches  we  assume  that  the  aircraft  is  small 
compared  with  the  radiation  wavelength  (magneto¬ 
static  limit),  and  solve  Laplace’s  equation  to 
obtain  the  scattered  magnetic  field  vector,  for 
arbitrary  azimuth  angles  of  incidence  of  the 
wave  from  the  lightning  radiation  source.  The 
site  error  arises  from  the  fact  that  the  indi¬ 
vidual  orthogonal  magnetic  field  components  are 
changed  by  different  factors.  The  error  anal¬ 
yses  presented  here  and  in  Refs.  (1)  and  (2)  do 
not  appear  to  have  been  published  previously. 

In  the  analytic  approach,  fuselages,  wings 
and  tails  are  modeled  by  ellipsoids.  An  impor¬ 
tant  analytical  result  is  that  large  errors  in 
lightning  direction-finding  can  occur  (e.g.,  of 
the  order  of  20°)  even  in  the  case  where  the 
instrument  is  symmetrically  located,  e.g.,  cen¬ 
tered  on  a  long  fuselage.  The  error  can  be 
still  larger  if  the  instrument  is  mounted  near 
the  nose  or  tail,  or  near  edges.  (See  Ref.  3.) 

In  the  numerical  approach,  the  aircraft 
geometry  is  modeled  realistically,  and  numeri¬ 
cal  solutions  are  obtained  using  a  3-D  computer 
code.  Computational  results  are  presented  for 
two  actual  aircraft,  a  T-39  Sabreliner  and  a 
C-130  Hercules.  These  aircraft  have  been  used 
in  flight  tests  to  evaluate  a  commercially- 
available  crossed-loop  system  for  severe 
weather  avoidance  (A,  5,  6).  The  predicted 
errors  (of  the  order  of  10°  for  the  T-39  and 
20°  for  the  C-130)  are  consistent  with  flight- 
test  results  for  the  particular  mounting  loca¬ 
tions  chosen.  The  calculations  indicate  that 
other  locations  would  reduce  the  error. 

By  a  combination  of  theory  and  experiment, 
one  may  determine  correction  factors  for  site 

A 
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the  end  of  paper. 


errors  affecting  crossed  loops,  for  any  given 
airplane  geometry.  The  results  of  this  deter¬ 
mination  would  suggest  optimum  locations  for 
the  placement  of  the  loops  on  the  aircraft. 

The  correction  factors  need  be  determined  only 
once.  If  this  is  done,  the  site  errors  can  be 
completely  eliminated  by  suitable  adjustment  of 
the  electronic  amplification. 

Also  discussed  are  azimuth  errors  due  to 
non-vertically-polarized  lightning  channels, 
and  the  180-degree  ambiguity  inherent  in 
crossed  loops.  A  non-vertical  (or  "slant") 
lightning  channel  will  cause  a  crossed  loop  to 
determine  an  erroneous  direction,  if  the  loop 
and  lightning  channel  are  at  different  alti¬ 
tudes.  The  effects  of  loop  altitude  above  a 
conducting  ground  plane  (as  opposed  to  light¬ 
ning  altitude)  on  azimuth  (or  bearing)  errors 
do  not  appear  to  have  been  considered  in  the 
literature.  An  analytical  formula  is  derived, 
generalizing  results  obtained  for  zero  loop 
altitude  (9,  10)  to  the  case  of  finite  altitude. 

The  use  of  an  electric  antenna  in  conjunc¬ 
tion  with  the  loop  to  resolve  the  180-degree 
ambiguity  by  correlating  the  phases  of  the  elec¬ 
tric  and  magnetic  vectors  is  an  important  prob¬ 
lem,  and  is  considered  in  the  Appendix.  It  is 
clear  that  low  signal-to-noise  ratios  or  unin¬ 
tentional  phase  shifts  in  the  electronic  ampli¬ 
fiers  can  produce  180-degree  errors. 

ANALYTICAL  APPROACH 

Evaluation  of  the  scattering  of  incident 
electromagnetic  waves  is  generally  a  difficult 
problem,  even  for  perfectly  conducting  bodies 
of  simple  shape,  e.g.,  spheres  (7).  If  we 
assume  that  the  radiation  wavelength  is  larger 
than  the  dimension  of  the  airplane,  the  problem 
is  simplified  because  Maxwell's  equations  are 
replaced  by  the  Laplace  equation  of  magneto¬ 
statics.  This  approximation  is  valid  for  fre¬ 
quencies  below  the  first  aircraft  resonance, 
i.e.,  for  frequencies  below  about  one  MHz  (8). 

In  the  magnetostatic  limit,  the  boundary  condi¬ 
tion  at  the  aircraft  surface  is  that  the  mag¬ 
netic  field  be  tangent  to  the  surface  (zero 
normal  gradient,  a  Neumann  boundary  condition). 
That  is,  the  magnetic  field  is  excluded  from 
the  interior  of  the  aircraft  by  the  induced 
skin  currents.  This  boundary  condition  is  jus¬ 
tifiable  based  on  the  fact  that  the  skin  depth 
(given  by  66/v5*  in  mm  for  copper,  where  v  is 
the  frequency  in  Hz  (7))  is  only  0.3  mm  at  the 
frequency  50  kHz  of  interest  here,  and  is  there¬ 
fore  less  than  typical  aircraft  skin  thicknesses 
(at  least  one  mm) . 

In  magnetostatics  the  magnetic  field  vec¬ 
tor  at  any  point  may  be  expressed  as  the 
gradient  of  a  scalar  potential  function  4, 
where  $  satisfies  the  Laplace  equation  in  the 
region  exterior  tc  the  airplane,  has  a  vanish¬ 
ing  normal  derivative  on  the  airplane  surface, 
and  asymptotically  approaches  a  linear  form 
(constant  gradient)  at  infinity. 

For  analytical  purposes  (as  opposed  to  the 
numerical  approach  discussed  later  for  realistic 
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geometries)  it  is  convenient  to  model  the  air¬ 
craft  by  a  single  geometric  form.  Since  the 
Laplace  equation  is  separable  in  ellipsoidal 
coordinates,  a  versatile  3-D  form  that  can  be 
defined  by  one  coordinate  of  a  3-parameter 
ell.'psoidAl  coordinate  system  is  the  tri-axial 
ellipsoid.  Here  solutions  are  expressed  in 
elliptic  integrals,  that  need  special  tables  or 
computer  programs  for  numerical  evaluation. 
However,  if  we  specialize  the  ellipsoid  to  a  bi¬ 
axial  (rotationally  symmetric)  prolate  spheroid 
or  to  an  elliptical  cylinder,  simpler  solutions 
expressed  in  terms  of  trigonometric  functions 
(arc  tangent)  are  obtained.  In  many  cases  these 
simplified  mathematical  models  are  sufficient  to 
study  conditions  on  the  edges  of  the  wings  and 
on  the  tail  (using  the  elliptic  cylinder)  and 
conditions  on  the  fuselage  (using  the  prolate 
spheroid) .  When  we  specialize  to  a  circular 
cylinder  the  difference  in  the  induced  surface 
fields  due  to  the  separate  orthogonal  components 
of  an  incident  field  vector  (the  cause  of  the 
site  error)  is  still  significant,  as  will  be 
shown.  However,  if  we  specialize  further  to  a 
sphere  this  difference  vanishes  because  of  the 
extreme  symmetry  of  the  sphere  (see  e.g.  Table 
1) .  Therefore,  the  sphere  has  no  site  error  and 
cannot  be  used  to  model  the  misdirection  effect 
of  an  airplane  body. 

Consider  an  ellipsoid  representing  an  air¬ 
plane  or  a  part  thereof.  Figure  1  shows  the 
ellipsoid  projected  onto  the  x-y  plane  of  a 
cartesian  coordinate  system.  It  is  aligned  with 
the  3  axes,  and  has  semi-axis  lengths  a,  b,  and 
c  along  the  x,  y  and  z  axes,  respectively.  (The 
z  axis  is  not  shown.)  We  assume  that  the  top  of 
the  airplane  body  points  in  the  +z  direction, 
and  that  the  incident  magnetic  field  is  parallel 
to  the  x-y  plane.  The  incident  wave  propagates 
with  angle  of  attack  0O  with  respect  to  the 
y-axis  as  shown,  and  with  the  magnetic  field 
lines  perpendicular  to  this  direction.  One  can 
consider  the  magnetic  field  distortions  at  sev¬ 
eral  points,  such  as  A,  B,  C,  and  D  in  the  fig¬ 
ure.  These  can  represent  for  example  positions 
along  the  centerline  on  top  of  a  fuselage  or 
vertical  stabilizer  and  rudder  ("tail  fin") ,  or 
along  a  wing  or  horizontal  stabilizer  and  ele¬ 
vator. 

Later  we  will  consider  the  axially  symmet¬ 
ric  case  in  which  the  y-axis  is  the  axis  of 
rotational  symmetry.  Thus  we  consider  the 
solution  to  be  a  superposition  of  the  two  pri¬ 
mary  solutions:  One  is  the  "transverse"  case 
where  0O-Q°,  the  incident  field  being  in  the  x- 
direction,  perpendicular  to  the  axis  of  sym¬ 
metry.  The  other  is  the  "axial"  case  where 
6o-90°,  in  which  the  incident  field  is  in  the 
y-direction,  parallel  to  the  axis  of  symmetry. 

Before  considering  the  spheroid,  let  us 
first  consider  the  limit  in  which  b  becomes 
infinite.  The  ellipsoid  then  elongates  into  a 
long  cylinder  or  wire  parallel  to  the  y-axis 
and  of  constant  elliptic  cross-section,  as 
shown  in  Fig.  2. 


CIRCULAR  CYLINDER  (c-a) 

Here  we  treat  the  circular  cylinder,  where 
c-a  and  b-»,  first  in  the  axial  case  where 
0o-9O°.  In  this  case  the  field  is  parallel  to 
the  cylinder  axis,  and  the  solution  becomes 
trivial.  The  field  is  excluded  from  the  interior 
by  a  solenoidal  sheet  current  in  the  surface,  in 
the  azimuthal  direction  about  the  axis.  This 
current  produces  an  internal  field  that  cancels 
out  the  incident  field,  but  the  current  produces 
no  external  field.  Hence  there  is  no  distortion 
in  the  axial  case ,  6o»90° • 

Next  we  treat  the  circular  cylinder  in  the 
transverse  case,  where  6o-0°.  Figure  3a  shows 
the  field  ("flow")  lines  in  this  case.  The 
solution  of  Laplace's  equation  that  satisfies 
the  boundary  conditions  at  infinity  and  on  the 
surface  is  the  potential  function 

<t>  -  -  Bo*(r  +  a^/r)‘cos>j>  (1) 

where  r  denotes  the  cylindrical  radial  coordi¬ 
nate,  a  denotes  the  cylinder  radius,  B0  denotes 
the  magnetic  field  magnitude  at  infinity  (large 
r) ,  and  ^  is  the  azimuthal  angle  about  the  cyl¬ 
inder  axis  ('('-0  along  the  direction  of  &Q) .  It 
may  be  readily  verified  that  the  potential 
defined  by  Eq.  (1)  satisfies  Laplace's  equation 
in  cylindrical  coordinates: 

1^4  +  184  +  -L  lit.  0  (2) 

-2  +  r3r+  2  ,,2  U 


One  boundary  condition  is  that  as  r  becomes 
large,  <{>  approaches 

<j>  ~  -B  r  cosiji  -  -B^x  (3) 

representing  the  potential  of  the  constant  field 
B0  along  the  x-direction.  On  the  surface  the 
other  boundary  condition  is  that  the  normal  com¬ 
ponent  of  the  gradient  vanishes,  that  is, 

”  fr  “  +V1  _  %■)  cos^  (4) 


vanishes  for  all  41  when  r-a.  Thus  Eq.  (1) 
satisfies  both  boundary  conditions. 

The  radial  and  azimuthal  field  components, 
Br  and  B^,  are  given  by  the  components  of  the 
gradient, 

2 

\  -  Bo*(i  -%)*cos*  (5) 
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(6) 
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whose  planes  are  parallel  to  the  z-axie  and  the 
direction  of  attack  (i.e.,  skewed  with  respect 
to  the  cylinder  axis,  as  shown  in  Fig.  2). 


The  distorted  field  of  interest  is  obtained  by 
considering  the  x-cooponent  By  at  r»a,  namely. 


<V  -  B  cos  1^1  -.8  sin 

a  v 

■  Bq  +  BQ(28in2^  -  l)(a2/r2) 

-  Bq  +  (2sin2*  -  l)Bo  (7) 

where  the  first  term  on  the  right-hand  side  of 
Eq.  (7)  represents  the  undisturbed  field,  and 
the  second  term  represents  the  distortion 
caused  by  the  cylinder. 

Thus,  the  perturbation  field  (addition  to 
the  incident  field)  goes  from  -BQ  on  the  "side" 
looking  into  the  magnetic  field,  to  +B0  on  the 
"top"  of  the  cylinder  (where  the  dot  in  Fig.  3 
represents  the  probable  position  of  the  crossed 
loop),  as  increases  from  0  to  tt/2.  Assuming 
the  crossed  loop  to  be  normally  positioned  (at 
the  dot  position)  on  "top",  it  senses  a  total 
field  value  2Bol  that  is,  the  incideut  value 
enhanced  by  a  factor  2. 

Now  we  are  in  a  position  to  calculate  the 
misdirection  at  angle  of  attack  8  .  On  top  of 
the  cylinder  By  is  enhanced  by  a  factor  2, 
while  By  remains  unaffected.  Bence  we  have 


B 

-  tan 6 

0 

X 


B 

-?3L 


|tan8o 


(8) 


as  the  definition  of  the  apparent  angle  of  inci¬ 
dence,  6,  and  therefore 


ELLIPTIC  CYLINDER 

In  the  more  general  elliptic  cylinder  case 
(cfa) ,  the  two  principal  fields  are  again  iu  the 
x-direction  (9  o“0°,  trenavarae) ,  and  Che  y- 
direction  (8o-90°,  axial).  Again  as  in  the  cir¬ 
cular  cylinder,  the  axial  field  gives  rise  to  no 
perturbation.  In  the  transverse  case,  however, 
the  field  lines  are  perturbed  as  shown  in  Fig.  3, 
where  in  Figs.  3b  and  3c  the  lines  are  topologi¬ 
cally  similar  to  the  circular  case.  Fig.  3a. 
Figure  3b  (c<a)  can  represent  a  flat  wing,  with 
the  crossed  loop  (large  dot  iu  the  middle)  sens¬ 
ing  relatively  little  field  distortion.  Figure 
3c  (c>a)  can  represent  a  tail  fin,  where  the 
crossed  loop  (large  dot  on  the  edge)  senses  s 
large  distortion. 

It  can  be  shown  that  for  all  cases  In  Fig. 

3  the  misdirection  is  given  1/ 


MD  =  8  -  0  "  arc  tan  (R  tans  )  -  8  (10) 

o  o  o 

where  the  "ratio-factor"  R  is  defined  by 


R 


a 

a+c 


(ID 


Thus,  R  reduces  to  1/2  when  c*a  as  in  Fig.  3a, 
and  Eq.  (10)  reduces  to  Eq.  (9)  for  the  circular 
cylinder.  At  the  middle  of  a  flat  wing  (Fig.  3b) 
where  c«a,  R  reduces  to  approximately  unity  so 
that  the  distortion  is  minimal.  On  the  edge  of 
a  tall  fin  (Fig.  3c)  where  c»a,  R  becomes  small 
and  e  becomes  zero  (due  to  the  dominance  of  Bx 
which  becomes  large) ,  independent  of  80 .  Thus 
the  distortion  is  equal  to  -eo  and  becomes  large 
at  angles  near  90°  (except  at  90°) . 


MD  =  8  -  0Q  ■  arc  tan(|-  tan8Q)  -  6q  (9) 

is  the  amount  of  misdirection  or  bearing  error 
at  angle  of  attack  0O. 

From  Eq.  (9)  we  deduce  that  the  bearing 
error  is  zero  (i.e.,  8«0O)  when  60“Q  and  when 
6o»90°.  The  maximum  error  is  -19.5°  (or  +19.5°) 
occurring  when  6Q  la  54.7°  (or  its  supplement 
125.3°).  This  follows  from  the  vanishing  of  the 
derivative  of  MD  with  respect  to  60.  The  varia¬ 
tion  of  bearing  error  with  angle  60  given  by 
Eq.  (9)  ia  shewn  in  the  "needle  limit"  column  of 
Table  1.  These  results  are  consistent  with  ADF 
loop  antenna  calibrations  shown  in  Ref.  (3). 

At  arbitrary  angle  of  attack  0Q,  the  axial 
field  component  gives  rise  to  skin  currents 
flowing  azimuthally  around  the  cylinder,  while 
the  transverse  field  component  gives  rise  to 
longitudinal  currents,  in  the  +y  directions  on 
the  two  x- aides  of  the  cylinder.  Thus  the 
rasultrat  skin  currant  flow-lines  axe  ellipses 


PROLATE  SPHEROID 

A  prolate  spheroid  is  a  reasonable  model 
for  a  fuselage  of  finite  length.  In  this  case 
(referring  to  Fig.  1,  where  y  is  now  the  axis  of 
rotation),  the  radii  are  related  by  a«c,  as  in 
the  circular  cylinder,  but  b  is  now  finite. 

Hence  the  results  depend  on  the  aspect  ratio 
t-a/b,  which  is  less  than  unity  for  a  prolate 
spheroid  (and  greater  than  unity  for  sn  oblate 
spheroid).  The  incident  direction  angle  8o-0° 
if  the  direction  of  incidence  is  parallel  to  the 
long  axis,  and  d9»90°  if  the  direction  of  inci¬ 
dence  is  perpendicular  to  the  long  axis. 

It  can  be  shown  that  the  ratio-factor  R  In 
Eqs.  (10)  and  (11)  is  now  replaced  by  GR  (see 
Eq.  (15)  below),  whore  G  is  defined  by 

G(y,t)  -  (b2-y2>*/(b2-y2  +  t2y2)*  (12) 


where  t*a/b,  and  y  is  the  y -distance  of  the 
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surface  point  from  the  mid-point;  and  R  may  be 
defined  by 


R(t)  -  0.5  (1  -  2t2  +  N)/(l  -  N)  (13) 


with  N  defined  by 


2  *S 

and  s  -  (1-t  )  .  Thus  the  misdirection  angle  is 
given  by 


MD  =  0  -  e  -  arc  tan  (GR  tana  )  -  6  (15) 

o  oo 

where  G  and  R  are  given  by  Eqs.  (12)  and  (13). 
Note  that  G  denotes  the  cosine  of  the  tilt  angle 
3  of  the  tangent-plane  with  respect  to  the  hori¬ 
zontal  plane.  Note  also  that  G“1  for  y»0  (the 
crossed  loop  is  centered  on  the  fuselage) . 

As  the  aspect  ratio  varies  from  the  "needle" 
limit  t-*0  (an  infinitely- long  circular  cylinder) 
to  the  opposite  limit  t+1  (sphere) ,  the  factor  R 
varies  from  0.5  to  1.0.  Assuming  the  crossed 
loop  to  be  centered  on  the  fuselage  (G**l) ,  the 
misdirection  angle  MD-A0  is  tabulated  as  a  func¬ 
tion  of  0O  in  Table  1,  for  values  of  t«0,  0.1, 
0.2,  0.5  and  1.0.  (The  corresponding  values  of 
R  are  0.5,  0.5207,  0.5591,  0.7100  and  1.0.) 

Note  that  MD-0  if  0O«Q°  or  90°  in  all  cases,  and 
has  a  maximum  magnitude  for  0O  somewhere  between 
0°  and  90°. 

As  the  aspect  ratio  t  increases  the  largest 
MD  magnitude  decreases  from  its  value  of  19.5° 
for  an  inf ini tely- long  circular  cylinder.  Thus, 
if  the  crossed  loop  is  centered  on  an  F-106 
Delta  Dart,  which  may  be  approximately  modeled 
by  a  prolate  spheroid  with  aspect  ratio  t-0.1, 
the  largest  MD  magnitude  is  predicted  to  be 
18.4°  by  Table  1,  and  occurs  at  60“55°.  If  the 
aircraft  is  a  C-130,  characterizable  by  t 
between  0.1  and  0.2  (but  assuming  t-0.2)  the 
largest  MD  is  16.4°,  occurring  at  e  -55°.  As  t 
increases  further  (as  the  fuselage  becomes 
thicker  compared  with  its  length),  the  maximum 
MD  decreases  toward  zero,  while  the  correspond¬ 
ing  0O  moves  slowly  toward  45°.  In  all  cases 
the  errors  Increase  if  the  loop  position  is 
moved  off  center  toward  the  nose  or  tail. 
Reference  (2)  presents  further  tabulations  of 
Eq.  (15)  for  off-center  positions,  such  as  A, 

B,  C,  and  D  in  Fig.  1. 

REALISTIC  NUMERICAL  MODELS 

For  detailed  realistic  geometries,  computer 
methods  must  be  employed.  Our  3-D  computer 
naodel  turner ically  solves  the  Laplace  equation, 
in  integral  form,  by  a  method  of  moments,  sub¬ 
ject  to  the  boundary  conditions  of  uniform  field 


at  Infinity,  and  zero  normal  gradient  at  the 
aircraft  surface.  The  aircraft  surface  is 
approximated  by  s  large  number  of  small  quadri¬ 
lateral  "panels"  or  "patches",  as  illustrated  in 
Figs.  4  and  5.  (Our  code  was  adapted  from  a 
fluid-flow  code  due  to  J.  L.  Hess.)  It  should 
be  not rd  that  the  problems  treated  here  are 
equivalent  to  the  problems  of  error  compensation 
encountered  in  the  calibration  of  low-frequency 
ADF  antennas  for  aircraft  (3). 

In  the  light  of  data  obtained  in  1977  and 
1981  by  the  Air  Force  in  flight  tests  of  a 
Stormscope  crossed  loop  (4,  5,  6),  we  applied 
our  computer  code  to  obtain  e  preliminary 
assessment  of  the  possible  influence  of  site 
errors.  The  1977  tests  (4,  5)  Involved  a  T-39 
S ab re liner ,  with  the  instrument  installed  near 
the  leading  edge  of  (and  on  the  underside  of) 
the  right  wingtip.  The  model  portrayed  in  Fig.  4 
shows  the  wing  modeled  reasonably  realistically, 
while  the  fuselage,  whose  detailed  structure 
should  be  unimportant  in  this  esse,  is  modeled 
crudely.  The  1981  tests  (6)  involved  a  C-130 
Hercules,  with  the  instrument  located  under  the 
fuselage  near  the  tail  and  close  to  the  cargo 
door.  The  detailed  structure  was  modeled  numer¬ 
ically  as  illustrated  in  Fig.  5.  In  this  case 
we  require  realistic  modeling  of  the  fuselage 
and  tall  structure. 

We  consider  first  the  T-39  results,  and  than 
those  for  the  C-130. 

T-39  MODEL  -  The  panels  in  Figs.  4a  and  4b 
ara  labelled  by  letters  A-H,  denoting  various 
sections,  with  A  and  B  on  the  fuselage,  and  C-G 
on  the  wing  and  H  on  the  wingtip.  Each  section 
has  12  panels,  with  Nos.  1-6  on  the  upper  sur¬ 
face  and  Nos.  7-12  denoting  image  positions  on 
the  under  surface  (with  7  under  6,  8  under  5, 

. . . ,  and  12  under  1) .  The  Stormscope  instrument 
position  is  on  Panel  C-ll,  as  indicated. 

Soma  selected  preliminary  results  are  as 
follows,  indicating  panel  location,  maximum  mis¬ 
direction,  and  angle  of  incidence  at  which  this 
occurs.  For  each  section  we  give  the  optimum 
location. 

A-9:  +11°  a".  135°  (bottom  of  fuselage 

at  midwing) 

B:  (no  good  location,  vertical  plane) 

C-3:  +16°  at  30°  (top  of  wing,  behind 

leading  edga) 

C-10:  +18°  at  5°  (bottom  of  wing,  behind 

leading  edge) 

D-2:  +8°  at  15°  (top  of  wing,  adjacent 

to  leading  edge) 

D-U:  +12°  at  5°  (bottom  of  wing, 

adjacent  to  leading  edge) 

E-U:  +5°  at  15°  (bottom  of  wing, 

adjacent  to  leading  edge) 

E-2:  +10°  at  160°  (top  of  wing, 

adjacent  to  leading  edge) 

F-5:  +3°  at  110°  (top  of  wing,  ahead 

of  trailing  edge) 

F-10:  +3°  at  25°  (bottom  of  wing,  behind 
leedlng  edge) 


G-10:  +4°  at  80°  (adjacent  to  wingtip, 

bottom,  behind  leading  edga) 
G-3i’  +6°  at  115°  (adjacent  to  wingtip, 

top,  behind  leading  edge) 

G-ll;  -7°  at  170°  (Storms cope  location. 

bottom,  leading  corner  of 
wlngtlp) 

G-2:  +10°  at  95°  (mirror  of  Stormacope 

location,  top  surface) 

H:  (no  good  location,  vertical  plane) 

The  foregoing  repreaant  optimum  locations 
(where  the  misdirections  are  minimal) .  The  mis¬ 
directions  are  larger  at  other  locations. 

The  following  conclusions  may  be  drawn. 

The  optimum  fuselage  location  is  underneath,  at 
midwing  position.  The  optimum  locations  on  the 
wing  (and  in  fact  on  the  whole  airplane)  are 
near  the  wingtip  and  away  from  the  fuselage, 
either  on  top  and  ahead  of  the  trailing  edge,  or 
underneath  and  behind  the  leading  edge.  The 
actual  Stormacope  location  uaed  was  a  reasonable 
choice  (in  the  absence  of  data  on  site  errors) 
but  could  have  been  improved.  The  reported 
bearing  discrepancies  (5)  are  consistent  with 
the  computed  maximum  misdirection  near  the  wing- 
tip,  of  the  order  of  10°. 

It  should  be  mentioned  that  these  figures 
apply  to  an  incident  field  lying  entirely  in  the 
horizontal  plane.  The  presence  of  a  vertical 
field  component  would  be  associated  with  a 
slanted  lightning  channel.  In  this  way  the 
error  due  to  slant  would  be  coupled  with  site 
error.  It  is  straightforward  to  include  the 
vertical  component  in  the  calculations,  l.e.  to 
study  the  site  error*-,  associated  with  alanted 
channels . 

C-130  MODEL  -  The  geometry  of  the  C-13Q  was 
simulated  as  illustrated  in  Fig.  5.  The  loca¬ 
tion  of  the  Stormacope,  just  aft  of  the  cargo 
door,  is  indicated  in  Fig.  5  by  a  darkened 
panel.  Some  detailed  email  structures  such  as 
engine  pods  have  been  omitted  in  this  prelimin¬ 
ary  work  on  the  assumption  that  such  small 
structures  are  sufficiently  remote  from  the  par¬ 
ticular  location  of  interest  that  their  contri¬ 
butions  should  be  negligible. 

At  the  Stormacope  location  the  maximum 
bearing  error  or  misdirection  (MD)  is  predicted 
to  be  approximately  20°.  This  error  is  experi¬ 
enced  for  incident  lightning  wave  direction  55° 
(left  or  right)  from  the  forward  direction. 
Although  the  instrument  was  located  on  a  flat¬ 
tened  area,  which  would  be  expected  analytically 
(ellipsoid  model)  to  result  in  a  smaller  MD,  the 
nearby  tall  structure  has  a  strong  influence  on 
the  MD.  With  the  tail  structure  omitted,  the 
calculation  predicts  an  MD  valua  of  About  12°. 
Restoring  the  tail  structure  raises  the  MD  to 
20°.  Lower  values  of  the  MD  ere  predicted  at 
other  locations  on  the  aircraft  (a.g.  of  order 
4°  just  ahead  of  the  cargo  door) .  The  calcula¬ 
tions  era  still  in  progress  and  further  results 
will  be  reported. 

The  overall  agreement  between  the  analyti¬ 
cal  calculations  (a.g.  using  cylinder  and 
ellipsoid  models)  and  the  numbers  obtained  from 
the  computer  modal  is  satisfying.  Ucwavar,  it 


is  evident  that  more  detailed  information  can  be 
obtained  with  the  computer  model  calculations. 

The  analytical  calculations  are  limited  to  simple 
analytical  shapes,  whereas  with  the  computer 
model  one  can  treat  more  realistic  airplane 
shapes. 

NONVERTICAL  LIGHTNING  CHANNELS 

In  thiB  section  we  consider  the  error  in 
magnetic  direction  finding  due  to  the  effect  of 
nonvertical  orientation  of  a  radiating  lightning 
channel,  modeled  by  a  radiating  dipole  tilted 
away  from  the  vertical.  This  effect  has  been 
analyzed  previously  (9 ,  10) ,  but  only  with  the 
crossed  loop  detector  at  ground  level.  This 
situation  results  in  important  simplifications. 
The  more  general  case,  where  the  detector  is  not 
on  the  ground  but  airborne,  does  not  appear  to 
have  been  considered  in  the  literature.  We  deal 
here  with  the  more  general  case,  where  both 
source  and  observer  are  above  a  conducting 
ground  plane.  The  magnetic  crossed- loop  detector 
is  considered  to  be  otherwise  perfect  (no  per¬ 
turbations  due  to  the  aircraft,  etc.).  The  "mis¬ 
direction"  due  to  induced  skin  currents  was 
treated  in  the  previous  section. 

Referring  to  Fig.  6,  we  consider  the  detec¬ 
tor  to  be  st  altitude  h  above  the  ground  plane 
(mounted  on  an  aircraft) .  The  lightning  radia¬ 
tion  source  is  represented  by  a  dipole  of  vector 
dipole  moment  f ,  located  st  altitude  H  above  the 
ground  plane.  Define  a  cartesian  coordinate  sys¬ 
tem,  wherein  the  ground  plane  is  represented  by 
the  x-y  plane,  and  the  dipole  is  centered  on  the 
z-axls  at  a  vertical  height  z-H  above  the  ground 
plane.  The  detector  is  located  in  the  x~z  plane, 
at  a  height  z-h  above  the  ground  plane,  and  at 
horizontal  distance  x-D  from  the  z-axie  (for 
y»0) .  Thus,  tha  coordinates  of  the  source  and 
detector  in  this  system  are  (0,  0,  H)  and 
(D,  0,  h),  respectively.  Let  R]_  denote  the  dis¬ 
tance  from  the  dipole  to  the  detector,  and  let 
R2  denote  similarly  the  distance  from  the  dipole 
image  (at  depth  H  below  the  ground  plane)  to  the 
same  detector.  Then  and  Rj  are  given  by 
RI-DZ+(H-h)2  and  R2«D2KH+h).  Let  the  dipole 
be  arbitrarily  oriented,  with  components  P*, 
and  Pe.  We  can  then  compute  the  magnetic  field 
as  tha  euperpoeltlon  of  contributlone  fyom  the 
3  separate  vector  dipoles Aof  moments  Pxl,  ?  j, 
end  Fzk,  where  i,  j,  and  k  denote  unit  vectors 
in  the  x,  y  and  z  directions, 

According  to  Hertz"  solution  of  Maxwell's 
equations,  the  electric  and  magnetic  fields  due 
to  e  radiating  dipole  may  be  expressed  in  terms 
of  s  dipole  moment  vector  function  (11,  12) .  'If 
we  denote  the  Hertzian  time-dependent  function 
by  P(.t-R/c) ,  the  vector  potential  t  may  be  writ¬ 
ten  as 


t  -  (t-K/c)  (16) 

where  the  argument  denotes  the  retarded  time  at 
distance  k  from  the  dipole,  and  the  dot  denotes 
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differentiation  with  respect  to  the  tine.  Here, 
the  units  adopted  are  Gaussian  and  ?  is  expressed 
in  emu,  i.e.,  abaap-cta,  with  &  in  cm.  (In  MKS 
units;  an  additional  factor  uQ/4r  appears  on  the 
right  side,  where  is  the  magnetic  permeability 
of  free  space,  4nxl0  ‘  henry/meter;  then  ?  is 
expressed  id  ampere-meters,  with  R  in  meters.) 

Now  the  magnetic  field  intensity  B  is  given 


f  -  curl  it(R)  »  (lf/&)  x  (dit/dR) 


since  A  is  a  function  of  R  only.  Differentiation 
yields 


i  ¥ 


dR  r2  Rc 


where  the  second  term  results  from  the  dependence 
of  the  time-like  argument  on  R,  and  we  obtain 


if  -  M(R)  x  it 


s«  s  i(it +  e)  -  +  6'?' 


3  2 

so  that  a  5  1/R  and  0  3  1/cR  . 

In  terms  of  our  cartesian  coordinates,  let 


*1  -  “ixi +  v+  V 
*2  “  V  +  V  +  V 

(21) 

2^  -  Di  -  (H-h)k 
$2  -  Di  +  (H+h)k 

where  i,  j  and  k  denote  unit  vectors  in  the  x,  y 
and  s  directions;  and  and  fij  denote  M^(Rj)  of 
the  original  dipole,  and  M^Rj)  refers  to  its 
image,  respectively.  In  this  case,  the  compo¬ 
nents  of  ^2*  ^2  ar*  r*1*t*d  to  those  of 
by: 


2x 

m  -P 

lx 

H-Px 

P2x 

"  _Plx 

s  -P 

i 
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2y 

ly 

J 

2z 

N 

»H 

1 

in 

N 

P2s 

■  «i. 

'  + 

IN 

where  we  identify  the  unsubscripted  variables 
with  tire  original  dipole.  It  follows  from  Eqa. 
(19)  and  (21)  that,  at  the  observer’s  position, 
the  magnetic  field  of  the  original  dipole  is 
given  by 


*i  -  KH-hiM^]  i 

+  [(H-h)Hlx  +  D  i 


+  [-D  Mly]  k 


while  the  magnetic  field  due  to  the  image  is 
given  by 

I 

*2  ‘  [OWOMjyl  * 

+  [-(H+h)M2X  +  D  M2i;]  j  (24) 

+  [-D  M2y]  k 

Hence,  the  sum  of  the  two  fields  is: 

i  -  f x  +  32 

- 1<"2,  -  V*  *  % +  VhI  i 

+  [-(M2x  -  M^H  -  (M2x  +  l^)h  (25) 

+  (M2s  +  V0!  3  ■  ' 

+  t-CMjy  +  M^Dl  k 

For  a  vertical  dipole,  all  components  of  8^ 
and  NL  vanish  except  for  and  Then  t 

has  only  a  y  component,  end  there  is  aa  misdirec¬ 
tion.  When  $  has  an  x- component  also,  the  mis¬ 
direction  angle  is  given  by  the  arc  tangent  of 
-B  /B  (Fig.  6b) .  Ctmaidar  the  ratio  -B  /B  , 
obtainad  from  Eq.  (25): 

B*  _  “Qyy*  -  W _ 


By  -0*2,-*^) B  -  (K^+Vh  +  W® 
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Using  Eqs,  (20)  and  (22),  ws  may  rewrite  Eq.  (26) 
as: 


Q  « 


£  P  B  +  q  h 

.  „*  .  12 _ 2l. 


(a j  -  a^)?  +  <02  -  0i>P 

1 1 '  r  nil  i  .  I— L'^ ..  .  rurtJ  —  t4 

(aj  +  a^P  +  <02  +  8i>p 


By  PXH  +  <L^  +  PZD 


(27) 


(31) 


where 


s  * 

X 


Px  •  (a2  +  «i>px  +  <02  &i>p: 

Py  -  <°2  +  «i>py  +  <h  *  h)Vy 

Pz  “  <«2  +  “i>p2  +  <*2  +  31>’P* 


Sc  -  <a2  -  «!>*?*  +  <02  "  Sj)*, 

qy  “  ^°2  "  al*Py  +  *e2  “  &i>py 


(28) 


(1/R23  -  1/RpP  +  (1/R2  -  1/RpP/c 
(1/R23  +  i/rx3)p  +  <i/r22  +  i/r12)p/c 


In  the  case  of  hermoaic  radiation,  of  angu- 

«  •  a 

lar  frequency  u,  we  nay  replace  P  by  JuP  In  Eq. 
(31),  so  that  Q  is  given  by  the  complex  quantity, 
with  ksu/c: 


(x3  -  x3)  +  jk(x2  -  x2> 


(x3  +  x3)  +  Jk(x2  +  x2) 


(32) 


•  a  • 


i<  e  •  i 


and  where  Px,  Px>  Py,  Py,  P^,.  P^  refer  to  the 
original  dipole  components.  Divide  through 
numerator  and  denominator  by  p^D,  and  note  that 
we  may  write: 


a*  +  Jb' 


where 


X 

»  1/R  (x^  * 

1/R1,  x2  -  1/U2) 

e 

P„  . 

.  *  p  . . 
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P  r» 
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x  P 
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3  3 

*  *1  “  *2 
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_£  P 

P  • 
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Py  •  •£  P  (29) 
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3  3 

mXl  +  X2 

V  -  k(xj  +  x2) 

• 

Pa  • 

so  that 

Pz- 

P 

Ps-fP 

A  < 

m  (as’  +  bb'l_ 

j(«b'  -  ba') 

where  Px> 

P  ,  P  are  the  original  dipole  moment 
y  z  •  s  (i 

Q  1 

(a’)2  +  (b’) 

2  (a*)2  +  (b')2 

vector  components. 

and  where  P  and  P  are  the 

•  Si  Q  +  J  la  Q 

(33) 


time  derivatives  of  the  vector  magnitude  P. 
Then  Px/pe.  Py/pg.  \/Pt,  <ly/p*  become, 
using  Eqs.  (28)  and  (29): 


Finally,  the  ratio  -Bx/By  ssy  be  written: 


m  Z*  fx  » 


p«  Pa 


^  -  q-i  , 
P.  p. 


p,  p- 


(30) 
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V 

Q  -X 

p«  Qp« 


®  P2, 


S  P 

y  l  +  0p5 

* 


e  tan  (HD) 


(34) 


where  HD  is  the  misdirection  angle  and  where 
G  is  a  geometrical  factor: 


vhftxe 


(35) 
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If  the  detector  is  on  the  ground  plane 
(h-0) ,  the  problem  simplifies  greatly,  and  we 
have  aj-c»2  and  01"02»  so  that  Q-0.  Then  G 
reduces  simply  to  G-H/D,  and  we  have 


1  +  -  — 
lrDP 


which  is  identical  to  the  result  given  by  Uman 
et  al  (Ref.  10  -  see  plots),  re-expressed  in  our 
terms,  for  a  detector  on  the  ground  plane.  An 
equivalent  result  was  also  given  earlier  for  this 
case  by  Kalakowsky  and  Lewis  (9). 

If  the  ground  plane  is  completely  noncon¬ 
ducting  (no  image) ,  than  the  case  of  the  detector 
at  alHtuda  h  above  ground  also  simplifies 
grently.  In  this  case  a  and  8„  vanish,  and 
Q— .1.  Then  1 


(H-hl 
D  P 

_  z 

i  +  1S±1  jl 
D  pm 


APPENDIX.  USE  OF  ELECTRIC  ANTENNA  TO  RESOLVE 
180-DEGREE  AMBIGUITY 

A  simple  way  of  seeing  how  correlation  of 
the  phases  of  the  electric  and  magnetic  vectors 
can  be  used  to  resolve  the  ambiguity  is  the  fol- 
lcwing. 

Consider  one  loop  of  a  narrowband  crossed- 
loop  system  aligned  with  two  sources,  one  in 
"front"  and  one  in  "back".  In  Fig.  A-l,  the  plane 
of  the  loop  is  perpendicular  to  the  plane  of  the 
paper  and  is  aligned  with  the  sources  (upper  dot 
-  front,  lower  dot  -  back).  The  sources  are 
assumed  to  be  electric  dipoles  in  the  same  plana 
as  the  detector,  but  oriented  perpendicular  to 
the  plane  of  the  paper.  Four  sets  of  vectors 
are  shown,  at  (a),  (b),  (c)  and  (d),  with  E,  U, 
and  P  in  each  sat  denoting,  respectively,  the 
electric  vector,  magnetic  vector,  and  direction- 
of-propagation  vector,  respectively.  Sets  (a) 
and  (b)  correspond  to  radiation  from  the  front, 
while  aets  (c)  and  (d)  correspond  to  radiation 
from  the  back.  Let  signs  be  associated  with  E 
and  H,  such  that  E  pointing  upward  and  downward 
denotes  a  positive  and  negative  amplitude, 
respectively.  While  H  pointing  right  and  left 
denotes  also  a  positive  and  negative  amplitude, 
respectively  (readily  convertible  into  loop  volt¬ 
age  signs) .  The  four  possibilities  may  be  tabu¬ 
lated  as  follows: 

E  H  Source 


That  is,  U  is  replaced  in  Kq.  (36)  by  the  "net 
altitude,"  H-h. 

A  geometric  interpretation  of  Eq.  (36)  (or 
(37))  is  obtained  by  rewriting  Eq.  (34)  in  the 
form,  assuming  Q-0: 


P  P 

(D  +  U  ~)  Bx  +  H  ~p*  By  -  0 


This  expression  implies  that  the  "misdirection," 
in  the  plane  of  the  observer  and  parpendicular 
to  ft  at  the  observer,  peases  through  the  point 
whose  x,  y,  t  coordinates  are  -<PX/P_)H, 
-(Py/PS)H,  and  zero.  This  point  (indicated  by 
the  letter  I  in  Fig.  6a)  is  also  the  intercept 
of  the  extended  line  of  the  dipole  with  the  *-0 
plane.  This  simple  geometric  interpretation  for 
a  detector  on  a  conducting  ground  plane  was 
pointed  out  by  Kalakowsky  and  Lewis  (9). 

The  correction  factor  for  finite  aircraft 
altitude  is  given  by  the  term  Qh  in  Eq.  (35). 
Assuming  a  frequency  of  50  kHz  (Storms cops  cen¬ 
tral  frequency),  s  lightning  distance  15  km 
(«D) ,  a  lightning  altitude  3  km  (-H) ,  and  air¬ 
craft  altitude  3  km  (»h) ,  we  obtain  from  Eq. 

(33)  the  approximate  value  -1/3  for  Re  Q.  Thus, 
for  this  case  the  geometrical  factor  G  is 
reduced  to  about  2/15  compared  with  its  aero- 
altitude  (h-0)  value  of  3/15. 


a)  -  +  front 

b)  +  front 

c)  back 

d)  +  +  back 

It  is  evident  from  the  table  that  E  and  U  have 
opposite  eigne  if  the  source  le  in  front,  while 
they  have  the  seme  eigne  if  the  source  is  in 
beck.  It  is  not  difficult  to  apply  the  same 
procedure  to  the  second  loop. 

Thus  it  is  rsadily  seen  why  electrical  noise 
can  produce  180°  errors.  If  the  elgnel-to-noiee 
ratio  is  too  low  or  the  electronics  is  lnsffsc- 
tiva,  slactricsl  noise  pulses  of  tha  wrong  sign 
can  ovarvhalm  tha  alactric  field  amplitude  end 
make  it  appear,  aey,  negative  when  it  should  be 
positive,  end  vice  verse.  Similar  errors  may  ba 
caused  by  unintentional  phase  shifts  in  the  sig¬ 
nal  amplifiers. 
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Table  1  -  Misdirection  (Bearing  Error)  of  Crossed  Loop  on 
Spheroidal  Fuselage  (MD  -  0  -  e0)* 


nt  Angle 

agrees) 

Needle 

(Cylinder) 

Limit 

t-0.0 

R-0.5 

t-0.1 

R-0.5207 

t-0.2 

R-0.5591 

t-0.5 

R-0.7100 

Sphere 

Limit 

t-1.0 

R-1.0 

0 

0. 

0. 

0. 

0. 

0. 

5 

-  2.50 

-  2.39 

-  2.20 

-  1.45 

0. 

10 

-  4.96 

-  4.75 

-  4.37 

-  2.86 

0. 

15 

-  7.37 

-  7.05 

-  6.48 

-  4.23 

0. 

20 

-  9.69 

-  9.26 

-  8.50 

-  5.51 

0. 

25 

-11.88 

-11.34 

-10.39 

-  6.68 

0. 

30 

-13.90 

-13.26 

-12.11 

-  7.71 

0. 

35 

-15.70 

-14.96 

-13.62 

-  8.57 

0. 

40 

-17.24 

-16.39 

-14.87 

-  9.22 

0. 

45 

-18.43 

-17.48 

-15.79 

-  9.63 

0. 

50 

-19.21 

-18.16 

-16.33 

-  9.76 

0. 

55 

-19.47 

-18.35 

-16.40 

-  9.60 

0. 

60 

-19.11 

-17.94 

-15.93 

-  9.12 

0. 

65 

-18.00 

-16.83 

-14.83 

-  8.30 

0. 

70 

-16.05 

-14.94 

-13.07 

-  7.14 

0. 

75 

-13.19 

-12.22 

-10.61 

-  5.68 

0. 

SO 

-  9.43 

-  8.70 

-  7.51 

-  3.95 

0. 

85 

-  4.92 

-  4.53 

-  3.90 

-  2.02 

0. 

90 

0. 

0. 

0. 

0. 

0. 

6  "  sensed  angle;  @0  -  incident  angle;  t  *  aspect  ratio  -  ratio  of  minor  to 
major  axes;  R  -  misdirection  factor,  Eq.(13). 


Fig.  1  -  Ellipsoid  model  (large  dot  indicates 
crossed-loop  detector  positions) 


' magnetic  field 
Clines  (  B0  ) 
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•  source  In  front 

I 
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I 

\ 

•  source  In  back 


Fig.  A-l  -  Resolution  of.  the  180-degrae  ambigu¬ 
ity 


X 


Fig.  2  -  Elliptic  or  circular  cylinder  (daahed 
lines  indicate  current  flow  planea) 


Fig.  3  **  Traasvsirss  fltld  lia#4  stouad  circular 
and  slliptic  cyliodsrs  (largs  dot  iadicatsc 
dstsctor  position) 


(b)  x-y  Plane 


Fig.  6  -  Nonvertical  dipole  and  image  in  i 
ducting  ground  plane  (detector  also  above 
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ABSTRACT 

ONERA  haa  operated  in  Ivory  Coaat  in  1981  and  in  the  United  States  in  1982  a 
lightning  imaging  system.  This  system  in  a  UHF  interferometer  which  gives  the 
location  of  the  emitting  sources  all  along  the  various  phases  of  the  lightning 
discharge.  The  corresponding  set-up  is  described  with  emphasis  on  the  means  used 
for  increasing  the  accuracy.  Examples  of  results  obtained  both  with  natural  and 
triggered  lightning  strokes,  and  correlation  of  these  results  with  spectral 
analysis  of  the  radiation  and  with  E  field  measurements  will  also  be  presented. 
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Mechanical  Force  Damage  Resulting  from  Lightning  Strike 

OCR  Jones  and  G  W  Reid,  Cut  ham  Laboratory,  Abingdon, 
Oxon,  0X14  3DB ,  England 


This  paper  will  broadly  review  the  mechanical  force  effects 
arising  from  magnetic  interaction,  confined  and  semi  confined  arcs 
producing  rapid  gas  pressure  rises,  and  shock  waves  associated 
with  lightning  strikes.  Experiments  will  be  described  using  arcs 
representing  lightning  channels  for  Investigating  the  arc  movement 
resulting  from  magnetic  fields  around  the  arc  and  solid  conducting 
structures,  and  the  subsequent  damage  to  the  solid  conductors  such 
as  radome  diverter  strips.  The  impulse  equivalent  continuous 
force  theory  proposed  by  James  and  Phillpott  will  be  examined  and 
agreement  with  experiment  explored.  Finally,  the  design  of  joints 
and  connectors,  the  choice  of  materials  both  conducting  and  non¬ 
conducting,  their  mechanical  properties,  and  the  effects  of 
geometrical  considerations  will  be  discussed. 


This  paper  was  not  available  for  incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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ABSTRACT 
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An  electrostatic  analysis  Is  made  o£  a  hovering  vehicle  out  of 
electrical  contact  with  the  ground.  Charging  of  the  vehicle  is  seen 
to  be  accomplished  by  a  variety  of  mechanisms.  Engine  exhausts  are 
strongly  Ionized;  and,  since  they  are  physically  localized  at  the 
stack(s),  can  be  modulated  to  produce  vehicle  charging.  Strong 
charging  can  result  from  the  frictional  contact  of  dust.  Ice,  or 
water  particles  with  the  vehicle  skin;  and  the  processes  of  conduc¬ 
tion  and  diffusion  will  operate  to  remove  net  charge  from  any  Isolated 
object. 

The  electrostatics  of  an  Isolated  body  above  a  ground  plane  are 
reviewed  and  developed.^  Expressions  are  presented  for  charge,  poten¬ 
tial  difference,  and  current.  Typical  physical  situations  are 
applied  to  allow  presentation  of  meaningful  examples.  The  theory 
and  practice  of  netcharge  control  as  applied  to  an  Isolated  body 
are  briefly  reyidwad,  and  It  Is  shewn  that  discharge  Impulses  upon 
Initial  contact  cannot  be  eliminated  by  any  system  contained  solely 
within  ^''isolated  vehicle. 

The  dynamics  of  the  discharge  process  are  next  addressed. )  The 
equivalent  circuit  of  a  discharge  path  Is  presented  with  reasonable 
numerical  values ,  and  discharge  waveforms  are  calculated .  By  using 
the  equivalent  circuit,  the  effects  of  variation  in-grounding  tech¬ 
nology  are  evaluated.  If  is  shown  thaf  .Ohe  use  of  an  exceptionally 
"good"  low  resistance  grounding  p^thr'ean  easily  exacerbate  the 
discharge  problem. 

In  the  process  of  summarizing  the  results  presented,  several 
possible  solutions  to  the  grounding  prob?  -  are  suggested.  All  rely 
on  establishing  initial  ground  contact  through  a  controlled  non-zero 
resistive  path  In  order  to  limit  the  magnitude  and  steepness  of  the 
current  discharge  pulse.  Upon  accomplishment  of  this  Initial  attach¬ 
ment,  existing  grounding  techniques  may  Be  profitably  employed.  It 
is  suggested  that  existing  specifications  and  procedures  be  assessed 
to  determine  their  usefulness  in  the  light  of  this  analysis. 
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ELECTROSTATIC  CHARGES  ON  HELICOPTERS  are  known 
to  present  a  hazard  both  to  ground  personnel  and 
to  on-board  systems.  Electric  shocks  have  been 
reported  by  persons  on  the  ground  ranging  from 
mere  tickles  to  physiologically  dangerous  Jolts. 
Cases  have  bean  reported  of  damage  to  operational 
systems,  caused  by  the  discharge  at  initial 
grounding,  which  necessitated  immediate  termin¬ 
ation  of  the  operation.  There  have  bean  ex¬ 
tensive  studies  of  grounding  procedure  and  of 
on-board  helicopter  charge  control,  but  a  perusal 
of  extant  literature  Indicates  that  these  studies 
do  not.  In  general,  address  all  of  the  relevant 
aspects  of  electrostatic  theory  and  hence  often 
proceed  in  directions  which  are  either  unprofit¬ 
able  or  even  counter-productive. 

Before  addressing  these  issues,  however,  a 
brief1  review  is  presented  of  the  mechanisms 
through  which  charge  is  deposited  on  a  flying 
vehicle,  and  the  limits  on  charge  imposed  by 
natural  processes  are  discussed.  Following  the 
discussion  of  charging  mechanisms,  there  is  an 
analysis  of  the  potential,  charge,  and  capaci¬ 
tance  of  an  isolated  conducting  body  above  a 
conducting  plana.  A  brief  catalog  Of  active 
discharging  techniques  is  given,  and  their 
ultimate  inadequacy  is  demonstrated.  The 
dynamics  of  the  discharge  process  are  studied 
in  detail,  and  the  effect  of  grounding  resist¬ 
ance  is  shown  to  be  significant.  The  paper  is 
concluded  with  a  list  of  possible  techniques  to 
alleviate  the  problems  associated  with  electro¬ 
static  discharging. 

CHARGING  MECHANISMS 

The  charging  of  an  isolated  body  requires 
a  process  of  charge  separation  and  some  means 
by  which  the  separated  charge  is  transported 
away  from  teh  body.  An  abundant  source  of  ions 
is  found  in  the  engine  exhausts  of  powered 
vehicles.  The  exhaust  gasas  have  been  ionized 
-  by  combuation  temperatures,  and  the  flow  rate 


precludes  excessive  recombination.  The  exit 
velocity  of  the  effluent  stream  and  the  vehicle 
motion  (and/or  rotor  downwash)  affect  the  re¬ 
quired  transport  away  from  the  vehicle..  The 
actual  effect  of  the  exhaust  stream  is  dependant 
on  the  electric  field  existing  at  the  exhaust 
port.  In  the  absence  of  any  field,  the  ionized 
stream  will  be  effectively  neutral  in  charge  and 
will  not  contribute  to  the  charging  process.  A 
field  at  the  exit  will  attract  ions  of  one 
polarity  and  repel  those  of  the  other,  producing 
a  net  charge  separation.  It  la  well  known  that 
charging  currents  of  the  order  of  100  micro¬ 
amperes  ara  achievable  with  high  fields  at  ex¬ 
haust  ports. 

The  most  Severe  commonly  encountered 
charging  mechanism  is  that  of  airborne  particu¬ 
lates  -  dust,  water  droplets,  and  ice  crystals. 
Significant  amounts  of  charge  can  be  transferred 
to  the  vehicle  whether  the  particles  in  question 
are  themselves  initially  charged  or  not.  The 
primary  charge  separation  mechanisms . are  fric¬ 
tion,  Volta  potential  differences,  and  particle 
shattering.  It  would  be  difficult  to  overstate 
the  dramatic  nature  of  thia  phenomenon,  and  it 
is  hard  to  picture  without  a  personal  experience 
with  a  dust-charging  situation.  Measurements 
have  been  made  in  auch  diverse  environments  as 
high  altitude  ice  crystals,  helicopter  downwash, 
and  Sahara  sandstorm;  and  in  every  case  the 
Electrification  of  bodies  exposed  to  the  particle 
flux  has  been  extreme.  Charging  currents  to 
airborne  vehicles  in  excess  of  1  milliampere 
have  been  frequently  observed  (1)*. 

Although  they  are  not  charging  sources 
per  se,  brief  mention  should  be  made  of  corona 
discharge ,  nxhaust  currents  modulated  by  vehicle 
charge,  and  ionic  conduction,  since  they  con- 
sittute  the  sinks  against  which  a  charging  pro¬ 
cess  must  operate  to  effect  the  accumulation  of 
net  charge.  Corona  discharge  will  form  whenaver 

•Numbers  in  parentheses  designate  References 
at  and  of  paper. 


and  wherever  the  local  electrostatic  field  ex¬ 
ceeds  a  threshold  value.  As  vehicle  charge 
Increases,  corona  becomes  a  dominant  limit  on 
attained  total  potential.  As  Indicated  above, 
the  exhaust  stream  Is  respondent  to  fields  at 
the  exit  port.  Consequently,  the  existence  of 
net  charge  on  a  vehicle  leads  to  exit  fields 
which  modulate  the  exhaust  stream  toward  vehicle 
discharge.  Finally,,  ionic  conduction  to  the 
vehicle  skin  will  also  operate  to  effect  a  net 
discharging.  Turbulence  in  the  vicinity  will 
insure  that  no  electrical  boundary  layer  can 
exist  which  will  somewhat  facilitate  the  action 
of  the  conduction  process. 

ELECTBOSTATIC  ANALYSIS  OF  AN  AIRBORNE  HELICOPTER 

A  consideration  of  the  electrostatic  be¬ 
havior  of  a  helicopter  must  include  the  effect 
of  the  nearby  ground  plane.  The  simplest  (and 
most  tractable)  geometry  to  consider  is  that  of 
an  Isolated  sphere  above  an  infinite  conducting 
plane.  If  the  sphere  is  far  removed  from  the 
plane,  the  analysis  degenerates  into  the  well 
known  case  of  an  Isolated  sphere  of  radius  a 
for  which  the  potential  is 


V - X—  r>a  (1) 
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and  the  capacitance  to  free  space  is  conse¬ 
quently 


.  A  second  simple  model  applicable  to  an 
airborne  helicopter  is  a  section  of  an  infi¬ 
nitely  long  circular  cylinder  parallel  to  the 
ground  plane.  From  the  expression  for  an  in¬ 
finite  line  charge  above  a  conducting  plane  (3) 
It  is  possible,  ignoring  end  effects  and  with 
some  algebra,  to  obtain  an  expression  for  the 
capacitance  of  a  section  of  the  cylinder  of 
length  L  as 


C  -  2ire0L/[ln(£  +  -D]  (5) 

with  £  defined  as  in  the  previous  equation. 

Plots  of  these  two  functions  are  shown  in 
Figure  1.  It  should  be  noted  that  both  curves 
approach  infinity  as  the  Isolated  object  nears 
contact  with  the  ground  plane.  The  sphere 
capacitance  is  asymptotic  to  the  proper  constant 
at  large  separations  while  the  value  for  the 
cylindrical  section  is  seen  to  approach  aero 
as  the  spacing  increases  due  to  the  neglect  of 
end  effects.  Consequences  of  the  behavior  at 
small  heights  are  that  the  capacitance  Increases 
at  low  altitudes,  and  that  the  variation  with 
height  is  strong  at  helicopter  cargo  handling 
altitudes. 

Another  expression  has  been  reported  (4) 
for  the  capacitance  of  an  isolated  cylindrical 
section  with  diameter  a  and  length  L  at  a 
height  of  b  in  which  end  effects  have  apparently 
been  considered.  It  gives 


C  -  Q/V  -  4ire0a  (2) 


At  large  altitudes,  any  valid  formulation  must 
approach  this  functional  form  as  a  limit.  The 
solution  is  appreciably  more  complex  for  alti¬ 
tudes  not  large  with  respect  to  the  radius  end 
Is  most  easily  addressed  by  consideration  of  the 
sphere  end  its  image  in  a  blspherlcal  coordinate 
system.  In  this  systsm,  fcr  which  the  Laplace 
equation  is  separable,  the  charge  on  the  sphere 
can  be  expressed  as  a  function  of  its  potential 
relative  to  the  ground  plane  as  (2) 


where  a- is  the  radius  of  the  sphere  and  b  the 
distance  from  the  sphere  center  to  the  plana. 
From  this  the  capacitance  of  the  sphere  to  the 
plane  is  easily  derived  from  C  »  Q/V  as 


Is  rationalised  MRS  units  where  £  denotes  the 
ratio  b/a. 
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which  is  valid  only  when  a«L.  Curves  of  thiB 
function  are  shown  in  Figure  2  for  seversl  pairs 
of  a,  L  values.  Although  the  plots  extend  only 
as  low  as  about  10  M,  the  marked  Increase  pre¬ 
viously  noted  is  apparent  here  also.  Examina¬ 
tion  of  (6)  indicates  that  the  capacitance  so 
computed  at  large  values  of  b,  approaches  a 
constant  value  as  is  required. 

A  series  of  capscltsncs  measurements  has 
beeu  reported  using  1/50  scale  modal  helicopters 
(5).  Figure  3  shows  the  same  data  as  Figure  1 
in  s  full  logarithmic  plot  along  with  soma  of 
thaae  model  measurements.  The  latter  are  ob¬ 
viously  in  conflict  with  theory  since  they  have 
the  wrong  curvature  and,  rather  than  approach  a 
constant  value  at  high  altitudes,  they  tend 
strongly  to  xaro  at  very  modest  heights.  It 
may  be  speculated  in  the  absence  of  any  report 
of  the  measurement  technique  that  thers  vaa  an 
over-compensation  for  the  affect  of  the  measur¬ 
ing  instrumentation;  but  at  least  at  lower 
altitudes  where  such  an  error  would  ba  small, 
the  measured  values  are  consistent  with  the 
modal. 

The  possibility  of  controlling  vehicle 
charge  to  eliminate  or  reduce  the  discharge  upon 
ground  contact  hse  long  bean  an  obvious  topic  of 


In tar eat.  Tha  Army-Navy  precipitation  static 
project  In  the  1940's  (6)  addressed  this  issue 
with  the  development  of  the  static  discharger 
wicks  so  familiar  to  us  all.  The  use  of  an 
active  system  at  helicopters  was  mentioned  as 
early  aS  1958  with  the  statement  that  the  con¬ 
cept  had  been  under  study  for  some  time  (5). 

The  use  of  modulated  engine  exhausts  for  charge 
control  was  the  subject  of  a  successful  patent 
application  (7)  in  1962.  Since  that  time 
there  have  been  many  efforts  reported  in  this 
direction  utilizing  either  exhaust’ modulation 
(8,9)  or  some  form  of  nozzle  discharge  (10,11). 

Although  it  is  obviously  quite  possible  to 
alter  vehicle  charge  with  some  active  controller, 
it  is  absolutely  impossible  to  determine  the 
earth  potential  without  a  physical  ground  contact 
because  of  the  inherent  nature  of  a  scalar 
potential.  This  fact  has  been  mentioned  (3,8), 
but  it  does  not  seem  to  have  achieved  general 
appreciation.  In  a  time  of  stormy  weather  it  is 
quite  possible  that  the  potential  of  a  hovering 
vehicle  at  10  meters  which  is  in  perfect  equi¬ 
librium  (zero  net  charge  on  the  vehicle)  can 
be  many  tens  of  kilovolts  relative  to  ground. 
Additionally,  the  equilibrium  potential  can  be 
significantly  Increased  by  the  thick  dust  often 
present  in  the  downwash.  Dust  is  often  extremely 
active  electrically  (1,12),  and  a  turbulent  cloud 
between  helicopter  and  ground  can  raise  the 
equilibrium  potential  dramatically.  It  is 
therefore  apparent  that  an  effective  charge  con¬ 
trol  system  would  often  maintain  a  potential 
relative  to  ground  which  is  sufficiently  great 
to  be  dangerous. 

DYNAMICS  OF  ELECTRICAL  DISCHARGING 

In  order  to  assess  correctly  the  mechanics 
of  the  discharge  process,  the  exact  configura¬ 
tion  present  should  be  recalled.  The  cargo 
helicopter  can  be  thought  of  an  a  capacitor  C 
which  is  charged  with  a  charge  Q  to  a  potential 
V  -  q/c.  It  must  be  emphasized  that  use  of  this 
model  does  not  imply  that  zero  charge  on  the 
helicopter  guarantees  the  vanishing  of  the 
potential  V.  A  vehicle  aloft  with  zero  net 
charge  is  in  electrostatic  equilibrium  with  its 
immediate  environs,  and  hence  it  is  at  a  poten¬ 
tial  with  respect  to  ground  equal  to  the  inte¬ 
gral  of  the  ambient  field  from  ground  level  to 
vehicle  height.  When  grounding  of  such  a  vehicle 
is  effected,  a  charge  must  flow  into  the  vehicle 
to  bring  it  from  the  elevated  potential  of  its 
environs  to  ground  potential.  Consequently  the 
equivalent  circuit  will  apply  whether  the  heli¬ 
copter  is  charged  or  not  as  long  as  V  in  the 
equations  is  taken  as  the  total  change  in 
potential  and  Q  Is  the  total  amount  of  charge 
transferred. 

Tha  grounding  cablet  whether  It  is  part  of 
the  cargo  sling  or  not,  can  ba  modelled  aB  a 
conductor  of  zero  resistance  and  length  equal 
to  the  altitude.  Finally,  completing  the  circuit 
is  the  resistance  of  the  grounding  connection, 
into  which  can  be  added  any  non-zero  resistance 


of  the  actual  cable.  An  analysis  of  this 
series  circuit  with  reasonable  values  for  the 
circuit  parameters  can  now  be  developed, 

Tha  inductance  L  is  primarily  that  of  the 
grounding  cable.  For  a  long,  straight  wire  it 
1b  given  as  (13) 

L  -  2  X  10"7  1  (In  -  .75)  (7) 

where  1  is  the  wire  length  (in  meters),  d  the 
diameter  of  its  circular  cross  section,  and  the 
Inductance  L  is  in  Henrys.  The  inductance  of  a 
10  meter  length  of  AWG  It 2  wire  is  thus  17,5  pH; 
while  much  thinner  AUG  #22  wire  of  the  same 
length  has  n  calculated  inductance  of  22.1  pH. 
The  capacitance  of  a  large  helicopter  hovering 
at  10  meters  altitude  can  be  taken  to  be  about 
1000  pF  whether  the  model  calculations  or 
measurements  are  invoked.  The  resistance  of  a 
"good  ground"  in  broadcast  antenna  usage,  with 
100-200  burled  radlals  of  the  order  of  100 
meters''  length,  is  usually  taken  to  be  in  the 
range  2-5  ohms.  The  resistance  of  a  casual 
ground  such  as  a  dangling  conductor  contacting 
the  surface  can  vary  from  several  thousand  ohms 
to  many  megohms,  depending  on  the  type  of  sur¬ 
face;  while  the  grounding  resistance  of  a  large 
metal  ship  in  sea  water  is  only  a  small  fraction 
of  one  ohm.  For  illustrative  purposes,  there¬ 
fore,  consider  the  circuit  in  Figure  4  with 
C  -  1000  pF,  L  -  20  pH,  and  250,  2.5,  and  0.025 
ohms. 

Current  flow  in  the  circuit  of  Figure  4 
is  described  by  the  well-known  RLC  circuit 
equation 

4i.Sii.iL0  (8) 

dt2  L  dt  LC 
which  has  the  solution 


for  1/LC  >  R2/4L2  and  the  Initial  condition 
I  ■  0  at  t  -  0.  This  is  the  equation  for  a 
damped  harmonic  oscillation  of  frequency 


with  a  damping  time  constant  of  t*  2L/&.  For 
R  -  250  ohms,  the  frequency  is  526  KHz  and  the 
damping  time  constant’  is  0.16  pS;  so  the  current 
oscillation  Is  well  damped  within  a  fraction  of 
a  cycle.  When  we  pass  on  to  a  "good"  2.5  ohm 
ground,  the  frequency  increases  to  1.125  MHz 
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and  the  damping  time  to  16  pS;  there  are  almost 
18  complete  cycles  of  oscillation  before  the 
amplitude  is  reduced  to  1/e  of  its  initial  mag¬ 
nitude.  In  the  third  case,  the  frequency  of 
oscillation  is  essentially  the  same  as  for  the 
2.5  ohm  ground,  but  the  current  oscillations 
persist  for  1.6  m3.  The  peek  currents  for  the 
250  and  2,5  ohm  cases  are  70  and  26  amperes, 
respectively,  for  an  initial  potential  difference 
of  10  KV. 

Larger  values  o.f  grounding  resistance  for 
which  1/LC  <  R2/4L2  have  no  oscillatory  behavior. 
This  may  contribute  to  an  explanation  of  the 
CH53E  tests  in  1977  when  there  was  no  trouble 
during  over  land  trials  but  serious  problems 
occurred  when  the  same  tests  were  repeated  at 
sea.  The  solid,  low-resistance  ground  connection 
which  intuition  says  will  provide  the  safest 
possible  operation  leads  to  circuit  values  which 
produce  current  oscillations  of  high  frequency 
and  long  duration.  The  existence  Of  such  oscil¬ 
latory  currents  introduces  the  possibility  of 
damage  to  on-board  systems  through  non-contacting . 
inductive  coupling  mechanisms.  It  is  possible 
to  use  grounding  resistance  values  much  in  ex¬ 
cess  of  the  250  ohm  value’ discussed  to  limit 
further  the  peak  current  (14),  but  there  then 
is  a  possibility  of  large  potential  drops  across 
the  resistor  if  strong  dust  charging  exists. 

SUMMARY  AMD  RECOMMENDATIONS 

Atmospheric  particulates  are  seen  to  be  the 
most  powerful  electrification  source  encountered 
in  flight.  Electrostatic  modulation  of  engine 
exhausts  is  also  a  generous  source  of  charging 
currant,  and  it  is  one  which  is  subject  to  con¬ 
trol.  The  capacitance  of  an  isolated  conducting 
body  is  seen  to  vary  with  height  above  the  ground 
plane  in  a  strongly  non-linear  manner,  and  the 
capacitance  of  a  helicopter  attains  values  sig¬ 
nificantly  larger  than  in  free  space  at  typical 
cargo-handling  altitudes.  It  has  been  demon¬ 
strated  that  electrostatic  equilibrium  with  its 
environment  is  not,  in  general,  the  correct 
criterion  for  operational  safety.'  ' 

An  equivalent  circuit  for  the  discharge 
process  was  presented  in  which  reasonable  values 
for  the  circuit  parameters  were  employed.  It 
was  found  on  solution  that  a  low  resistance 
grounding  connection  gave  rise  to  large  amplitude 
oscillatory  currents  of  long  duration  subsequent 
to  the  instant  of  initial  grounding.  Conversely, 
a  "poor"  ground  connection  of  several  hundred 
ohms  value  reduced  the  magnitude  of  the  initial 
current  Impulse  and  caused  it  to  damp  to  neglir 
gib la  values  within  a  small  fraction  of  a  micro¬ 
second. 

In  the- context  of  tha  above  facts,  what  is 
an  appropriate  response  to  the  discharge  prob¬ 
lem?  It  muat  first  be  re-emphasized  that  a 
physical  ground  contact  is  mandatory  to  any  ef¬ 
fective  solution  since  electric  potentials  are 
only  determinable  to  within  an  unknown  constant 
by  isolated  measurements,  however  sophisticated 
the  instruments  used.  The  second  point  which 
must  be  considered  concerns  the  grounding  resist¬ 


ance.  The  requirements  of  safety  and  reliability 
which  have  lad  to  specification  of  low  values 
are  in  direct  opposition  to  the  problems  of  cur¬ 
rent  pulse  magnitude,  oscillation,  and  duration 
which  are  a  direct  result  of  low  resistance 
ground  technology.  The  solution  obviously  must 
involve  some  form  of  ground  resistance  control. 

There  are  several  considerations  which  es¬ 
tablish  constraints  on  any  operational  discharge 
system,  A  significant  level  of  human  operation 
and/or  intervention  cannot  be  required.  The 
problems  of  logistics  and  operations  militate 
against  the  use  of  any  items  which  might  be  mis¬ 
placed  or  lost.  There  .must  be  no  compromise  of 
nafety  or  of  operational  effectiveness,  and  it 
is  probably  unwise  to  require  the  possession  of 
any  specialized  apparatus  by  ground  personnel. 

The  effect  of  these  considerations  la  to  demand 
that  the  discharging  system  be  simple,  passive, 
and  permanently  attached  to  the  helicopter. 

One  solution  which  suggests  Itself  by  its 
elegant  simplicity  is  tha  installation  of  a 
length  of  semi-conducting  cord  (cotton  and 
manila  suggest  themselves)  to  the  helicopter 
with  a  weight  at  the  bottom.  If  the  cord  hangs 
slightly  below  the  lowest  point  of  the  cargo 
sling,  a  high  resistance  grounding  will  be  ef¬ 
fected  prior  to  the  (presumably)  lower  resistance 
achieved  upon  payload  contact.  A  short  such  cord 
attached  to  the  cargo  sling  might  also  be  a 
practical  approach.  If  there  are  objections  to 
a  non-metalllc  cord,  an  equivalent  piece  of  steel 
cable  could  be  used  if  a  suitable  lumped  resistor 
be  made  a  part  of  the  installation. 

Once  tha  necessity  of  physical  ground  con¬ 
tact  through  a  sufficiently  high,  resistance  is  * 
established,  it  is  apparent  that  any  possible 
discharge  technique  will  necessarily  contain  many 
of  the  characteristics  of  the  weighted  string 
just  discussed.  There  can  be  grounding  cords 
which  drop  on  the  command  of  the  pilot  or  which 
(to  be  somewhat  extreme)  ere  controlled  by  tha 
radio  altimeter.  It  is  possible  to  conceive  a 
system  which  senses  the  current  flow  and  short 
circuits  the  limiting  resistor  upon  cessation 
of  the  currant.  A  resistive  ground  want 
operated  by  ground  personnel  would  be  effective, 
but  this  would  violate  the  constraint  against 
requiring  specialized  tools  on  tha  ground.  In 
every  case,  obviously,  a  good  low  resistance 
ground  must  be  established  immediately  after 
discharge  is  achieved. 

Finally  it  must  be  observed  that  existing 
regulations  and  procedures  must  be  examined  to 
ascertain  whether  they  are  consistent  with 
physical  reality.  At  present,  a  grounding  con¬ 
nection  of  very  low  resistance  is  required  by 
regulation,  and  the  utilization  of. higher  re¬ 
sistances  which  damp  both  peak  current  and 
harmonic  oscillations  would  not  be  permitted. 
Therefore,  upon  experimental  verification  of  the 
predictions  enumerated  herein,  it  is  probable 
that  appreciable  revision  of  pertinent  documents 
will  be  tesfuired.  It  is  urged  that  the  entire 
subject  of  helicopter  discharge  be  re-examined 
to  determine  if  there  is  not  now  a  misdirection 
of  emphasis  and  effort. 
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fig.  1  -  Capacitance  of  sphere  mad  truncated  where  V  ie  the  value  plotted.  The  aytabole  S 

cylinder  ee  functione  of  height.  The  actual  and  C  denote  ephere  and  cylinder,  respectively 

capacitance  in  each  caae  ie  given  by  04  tX, 


Fig.  2  -  Capacitance  of  finite  cylinder  «a 
function  of  height  b,  for  eeveral  values  of 
length  1  and  radius  a. 


Pig.  3  -  Logarithmic  plot  o£  computed  capaci¬ 
tance  values  (S ,C)  and  plot  of  measured  capaci¬ 
tance  (M)  showing  significant  disagreement. 
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EARTH  SURFACE 


Fig.  4  -  Equivalent  circuit  of  the  helicopter 
discharge  process. 
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ABSTRACT 

Tha  primary  flight  pattern  of  the  AH-64  Helicopter  will  aubject  the  vehicle 
primarily  to  cloud-to-ground  lightning  dischargee  as  well  as  cloud-to-cloud.  Other 
considerations  are  the  tribo-electric  effects.  To  effect  control,  a  concerted 
review  of  the  vehicles  lightning  and  charging  aspects  was  performed.  Deleterious 
effects  were  examined  and  corrective  measures  described  in  this  paper  will  assure 
greater  personnel  and  vehicle  safety  while  complying  with  the  vehicles  mission 
requirements. 

The  AH-64  Apache  Helicopter  uses  a  four  blade  main  rotor  and  a  four  bladad 
tall  rotor  driven  by  two  gas  turbine  engines  to  meet  tha  required  flight  and  per¬ 
formance  characteristics.  The  main  and  tail  rotors,  in  addition  to  sactions  of 
the  vehicles  body,  Include  composite  materials  in  their  design  and  construction. 
Composite  materials  are  also  used  for  structural  support  as  well  as  for  aerodynamic 
covers  for  some  of  the  avionics  equipment  as  well  as  for  the  gas  turbine  engines. 
The  extensive  use  of  composite  materials  in  the  AH-64  vehicle  design  lmpdcted  on 
the  control  efforts  for  lightning  attraction  and  discharging  plus  the  problems 
associated  with  possible  lightning  penetration  into  on-board  avionics  equipment. 
Other  areas  associated  with  electrostatic  discharging  included  electromagnetic 
lnterference/slectromagnetlc  compatibility  requirements  and  effective  eletrlcal 
bonding  control  for  all  electrical-electronic  units  used  in  the  vehicle.  To  effec¬ 
tively  Implement  the  above  areas,  whatever  control  measures  were  exercised, 
the  control  effort  Impact  was  considered  for  each  of  the  areas  outlined  above. 

Wick  static  dischargers  are  used  extensively.  Including  blade  tip  static  discharge 
wicks,  to  dissipate  vehicle  electric  potential  charges  to  limit  vehicle  potential 
levels  to  only  a  few  thousand  volts.  Blade  wicks  also  reduce  pulse  discharge 
levels.  The  lower  peak  energy  levels  per  pulse  can  effect  a  20dU  to  as  much  as 
lOOdU  of  quieting  for  tha  vehicles  communications  equipment.  Thus,  an  improvement 
in  electromagnetic  compatibility  is  realised,  though  the  initial  effort  pertained 
to  tint  reduction  of  vehicle  electrification  potential  levels.  Streamer  currents 
ere  uleo  reduced  because  of  the  use  of  multiple  wick  static  dischargers.  Elec¬ 
trical  bonding  deaignad  into  tha  atructure  and  surfacas  aud  affactivaly  implemented, 
will  reduce  arcing  that  would  otherwise  be  present  due  to  high  potential  levels  end 
high  level  streamer  currents. 

Tha  paper  will  therefore  delineate  the  controls  end  measures  employed  to 
reduce  the  effects  of  lightning,  static  electrical  charging  and  tha  interaction  of 
alactromaguetlc  interference  control  and  alactrlcal  bonding. 


Thio  papar  vaa  not  available  for  incorporation  into  this  book, 
be  published  at  e  future  date. 


Therefor*,  it  will 
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(HELICOPTER) 
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Weat'iaUd  Hsllcoptsri.,  Ltd.,  Yaovil,  Somsrnst,  Uultad  Kingdom 


ABSTRACT'  i 

Ths  choica  of  composites,  with  thair  structural  and  aerodynamic 
advantages,  for  helicopter  main  rotor  blades  is  briefly  discussed  along 
with  soma  of  the  dlfficultiea  associated  with  their  design,  manufacturing 
and  testing.  This  papsr  is  concerned  with  tha  necessity  for  lightning  end 
erosion  protection  for  the  blade's  leading  edge  end  tha  desire  for  early 
evaluation  of  projected  design  schemes.  Attention  is  dream  to  the  lengthy 
lead  time  between  tha  designing  of  a  blade  and  tha  arrival  of  suitable, 
expensive  tooling  required  to  examine  an  actual  blade  specimen. 

A  technique  has  baen  developed  which  satisfies  both  tha  designer 
and  the  accountant,  A  blade  is  Imagined  to  be  cut,  epsnwise,  from  root 
to  tip  through  the  trailing  edge  end  spar  reerwall.  The  blade  la  than 
opened  out  Ilka  a  book.  If  cara  is  taken  with  the  manufacture  of  tha 
fist  tsst  apaclmsn  various  lightning  protsetion  schames  can  bs  avaluatad 
wall  in  advance  of  prototype  blade  specimens.  Tha  bulk  of  this  pspar 
examines  a  selection  of  protection  schemes  and  the  effect  of  varying 
,  the  engineering  tolerances  of  erosion  shield  assembly  and  the  extant 
of  damage  so  caused. 

Hie  Information  gained  through  this  work  enabled  blade  design  to  be 
finalised  well  before  actual  blade  specimens  became  available  for  test., 
Tasting  showed  close  correlation  to  the  results  of  thair  flat  counterparts. 

Work  has  now  progressed  into  the  modelling  and  tasting  of  flat  panels 
representing  complex  blade  plan forms  that  do  not  immediately  appear  to 
land  thamsel'Nis  to  this  technique,  { 
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OXSSOOd® 


UP  TO  NOW,  helicopter  rotor  bladeB  have  been 
manufactured  around  an  aluminium  axtruaion  or 
fabricated  stainless  steal  spare.  Being 
metallio,  these  presented  no  real  problem  for 
the  passage  of  a  lightning  strike.  However, 
in  the  oase  of  a  composite  blade  this  problem 
is  particularly  aoute  as  the  fabrication 
material  is  highly  resistive.  Problems  are 
compounded  as  the  matched  metal  tools  (dies) 
ore  not  usually  produced  until  the  blade 
design  is  well  established,  resulting  in  a 
long  period  between  initial  design  and  the 
production  of  the  first  prototype  blade.  To 
wait  for  a  prototype  to  become  available  to 
assess  a  protection  soheme  and  for  this  to  be 
acceptable  first  time  is  quite  a  gamble.  It 
was  therefore  obvious  that  a  simple,  oheap, 
and  representative  method  for  testing  proposed 
sohemes  and  materials  was  required.  The  ideal 
test  epeoimen  would  be  a  flat  panel. 

1 .  LIGHTNING  PBOTBCTIQN  TOR  COMBO  BITS  BULBS. 

Flight  experience  has  shown  that  the  tip 
of  a  rotor  blade  is  the  most  likely  lightning 
attachment  point.  The  strike  energy  then  has 
to  pass  along  the  blade,  through  its  mounting 
ouff  to  the  remainder  of  the  aircraft. 

A  composite  blade  spar  ooneiste  of  a 
large  number  of  unidirectional  fibres  running 
from  the  tip  to  the  root.  Constructional 
fibres  suob  as  glass  or  aramid  (kavlar)  and 
the  epoxy  resin  matrix  axe  all  insulators  and 
therefore  do  not  transfer  strike  energy.  The 
unidirectional  carbon  fibres  do  however  and, 
in  traversing  ths  full  lsngth  of  the  spar 
would  carry  all  of  the  energy.  Unfortunately 
these  fibres  axe  held  in  an  insulating  matrix 
so  damage  to  the  structure  would  ooour  should 
a  strike  attach  to  this.  A  full-span  matallio 


conductor  that  would  also  act  as  a  strike 
plats  was  required. 

The  next  step  in  the  bladefe  design  was  to 
protsot  ths  compos its  from  rain  and  dust  ero¬ 
sion.  Inspection  of  metal  blades  showed  that 
erosion  is  greatest  within  1.5  inches  (1+0  mm) 
of  the  leading  edge  so  our  lightning  conductor 
was  now  bigger  and  of  an  erosion  resisting 
metal. 

A  further  requirement  placed  upon  our 
blade  is  provision  for  the  fitment  of  a  deicing 
mat,  should  this  be  required  in  the  future.  To 
proteot  these  elements  from  lightning  strike 
the  shield  was  extended  to  2%  on  both  upper 
and  lower  eurfaoee  -  this  being  the  area  of 
heater  coverage  normally  required. 

The  choice  of  metals  available  for  this 
protection  was  titanium,  nickel  and  stainless 
steel  for  their  erosion  and  fatigue  strain 
proper  Jee.  For  the  blade  being  considered 
here  ths  decision  was  for  titanium  -  high 
fatigue  strength  was  of  paramount  importance . 
The  blade ,  when  fitted  with  on  aluminium  tip 
plate,  was  considered  to  be  basically  well 
protected  though  there  remained  several  areas 
whioh  required  evaluation  through  testwork. 

For  various  reasons  it  was  neoeseary  to 
form  the  erosion  shield  in  four  individual 
sect Iona.  When  positioned  on  the  blade  eleot- 
rioal  continuity  across  the  full  span  could 
not  be  guaranteed  due  to  adhesive  flow  into 
the  joints.  These  joints  were  also  required 
to  be  oo vo red  by  narrow  titanium  strips  (butt 
straps)  to  transfer  flight  loads  from  one 
shield  section  to  the  next.  Conductive  adhe¬ 
sives,  for  this  application,  have  insufficient 
strength  and  would  have  been  ineffectual  for 
lightning  transfer.  To  transfer  strike  energy 
to  the  aircraft  ths  sxosion  shield  must 
oo onset  to  the  blade  ouff.  The  transition  area 
of  the  spar  is  subjeot  to  changing  sections 
making  manufacture  difficult.  Tbs  extent  to 
which  the  leading  edge  balance  bar  might  be 
effeoted  was  also  subjeot  to  speculation. 


2.  TEST  METHOD,  COUPONS  AND  BELEVANCE  TO 
BLADE. 

2.1  IDENTIFICATION  OF  PEOBLEM  ABBAS  FOB 
TEST  -  A  Design  decision  was  toads,  for  man¬ 
ufacturing  and  repair  requirements,  to  produce 
the  leading  edge  protection  of  several  lengths 
of  titanium  with  their  joints  being  covered 
by  2"  wide  titanium  strips.  The  effect  of 
discontinuity  in  the  shield  and  the  lightning 
conduction  properties  obviously  required  in¬ 
vestigation.  The  blade  requires  to  be  thicker 
at  the  inner  end  resulting  in  a  considerable 
profile  change  -  this  change  would  be  very 
costly  to  reproduce  in  the  metal  erosion 
shield  so  other  solutions  needed  to  be 
investigated.  Another  unknown  area  was  the 
tip  plate  and  its  fittings. 

To  enoompase  all  these  unknowns  five  flat 
specimens  were  devisodt  two  for  outboard  tip 
and  butt  strap  damage,  two  with  schemes  for 
the  transition  area  to  the  attachment  ouff 
and  one  specimen  possessing  a  one-piece  metal 
shield  from  tip  to  ouff. 

2.2  DESIGN  AND  MANUFACTURE  OF  FLAT  'SPAR' 
-  The  blade  spar  in  qusstion  possessed  a 
large  proportion  of  unidirectional  carbon  and 
with  the  tip  plate  and  its  attaohmsnt  screws 
passing  through  this  oonduotor  ourrent  sharing 
with  the  shield  would  be  inevitable.  The  spar 
was  therefore  considered  to  be  out  through 
the  spar  rearwall  and  opened  out  like  a  book. 
This  out  line  was  chosen  as  the  least  amount 
of  oarbon  was  in  this  area  and  would  consequ¬ 
ently  be  the  least  affeoted.  The  trailing 
edge  fairing  was  omitted  from  the  model  as  it 
wan  non-oonduotive . 

The  actual  method  of  manufacture  involved 
accurate  representation  of  the  glass  and  oarb¬ 
on  materials  (fibre  dixeotion/number  of  plies/ 
dimensions)  being  laid  into  an  aluminium 
'pioture  frame'  type  tool  with  a  pressure 
plate  to  maintain  constant  consolidation  and 
flatness.  These  were  cured  in  a  press  as  a 
panel  of  7/16"  (11.2  mm)  thickness  would 
have  possessed  a  high  void  count  and  be  poorly 
compacted  if  cured  in  an  oven  under  vacuum 
pressure.  A  suitable  recess  was  formed  in 
the  panel  into  which  a  flat  titanium  sheet 
would  be  bonded  to  represent  the  erosion 
shield. 


2.3  TESTING  OF  OUTBOARD  DESIGN  FEATURES 
Flat  Panels  -  These  panels  were  arranged 
to  examine  the  butt  straps  and  the  extreme  tip 
plate  (light  alloy)  and  its  attachment  Borews 
which  pass  through  the  shield.  Two  particular 
unknowns  were  the  result  of  not  having  the 
adjacent  shield  sections  touching  each  other 
and  the  effect  of  a  clearance  hole  around 
the  tip  plate  attachment  screws  so  that  there 
would  be  no  direct  tip  plate  -  screw  -  shield 
electrical  path.  For  both  these  specimens 
the  shield  was  bent  up  and  damped  by  2  cuff 
bolts,  whioh  had  been  accurately  located  to 
simulate  the  cuff.  For  all  teats  the  eleotrode 
was  damped  to  the  tip  pl_.te  with  the  cuff 
connected  to  the  return  oirouit.  Of  the  four 
components  which  oomprise  a  lightning  event, 
Component  A  (1)*  initial  stroke  was  considered 
to  be  the  most  relevant  as  sufficient  material 
was  present  to  reduce  the  damage  due  to  heat¬ 
ing  and  burning,  caused  by  the  remainder  of 
the  stroke. 

PANEL  It  On  this  panel  the  shields  were  nom¬ 
inally  touching  beneath  the  butt  strap  and 
0.025"  radial  clearance  between  the  tip  sorews 
and  shield.  When  given  quite  a  severe  strike 
(207kA  I.76  x  I06  A2t)  most  of  the  ourrent 
passed  through  the  oarbon  os  the  only  visual 
damage  arose  from  a  tip  plate  to  shield  axo 
and  a  small  amount  of  soot  blown  out  from 
under  the  butt  strap  suggesting  a  small 
manufacturing  void.  This  arc  damage,  being 
very  minor,  was  repaired  and  another. severe 
strike  was  applied  (190  kA  1.93  *  106  A2t). 

The  soot  of  the  first  strike  encouraged  the 
seoond  to  pass  through  tbs  shield  resulting 
in  a  partially  de bonded  butt  strap  (less  than 
i  bond  area)  and  surface  arc  scorching  around 
the  tip  plate  sorews.  Fig  3« 

Panel  1i  0.025" 

Panel  2i  0.032" 


TIP  SCREW  CLEARANCE) 


(1  )*  Peak  Current 

Action  Integral 
Pulse  Length 

Rise  Time 


200  KA 
2  x  106  A2 
<5ooys 
<  25>/s 
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PANEL  2:  This  panel  was  identical  to  the 
previous  one  except  for  a  deliberate  Iran 
resin  filled  gap  between  the  shields  and  a 
greater  clearance  (  .032"  )  for  the  tip  screws. 
Pig.  3  and  1+. 

A  severe  strike  (l90kA  2.22  x  10°  A2t) 
succeeded  in  arcing  from  the  tip  plate  to 
shield  producing  delamination.  79^  of  the 
butt  strap  debondsd  and  was  bent  back  due 
to  the  1  mm  spacing  and  areas  of  the  shield 
were  vapourised  here. 

Blades  -  When  blades  were  eventually- 
produced  to  what  was  hoped  to  be  the  final 
standard,  two  specimens  were  despatched  to 
Culham  Lightning  Studies  Unit  for  testing. 
BLADE  1:  A  blade  specimen  3  ft.  in  length 
with  a  central  butt  strap  covering  shields 
sections  that  were  nominally  touching.  This 
specimen  recieved  8  open  arc  strikes  of 
increasing  severity  from  I4.8  kA  1+.5  x  10^  A2t 
up  to  l£8kA  0.6  x  10°  A2t.  The  first  1+ 
strikes  did  no  damage  to  the  Joint  other  than 
barely  visible  soot  deposits.  ‘The  £th  was  of 
moderate  severity  (li+5kA  0.98  x  10°  A2t)  and 
produced  a  small  amount  of  soot  from  one  area 
of  butt  strap.  It  must  be  remembered  that- 
this  damage  was  accumulative . 

BLADE  2:  This  was  given  a  moderate  strike 
(173kA  0.6  x  106  A2t)  of  approx,  eaual 
intensity  to  that  on  Blade  1 ,  and  $  of  the 
butt  atrap  debonded  and  an  area  was  melted. 
Tills  blade  had  a  1  nun  gap  between  its  shields. 

Comparison  Of  Panola  With  Blade  Tests  - 
The  four  samples  tested  demonstrated  that  it 
is  possible  to  obtain  very  good  correlation 
Between  blade  and  accurate  representative 
panels.  These  testa  also  proved  early  in 
the  design  days  the  degree  of  damage  likely 
to  be  caused  by  a  gap  between  adjacent  shield 
seotions  either  deliberate  or  accidental. 


Table  1 :  Shields  Nominally  Touching. 


Severity 

Damage 

Panels 

1  Severe 
strike 

i  de lamination 
of  butt  strap 

Blades 

1st  Moderate 
Strike 

Soot  on  comers 
of  strap 

Table  2:  1  mm  gap  between  shields 


Severity 

Damage 

Panels 

1  Severe 

£  delamination 

Blades 

1  Moderate 
Strike 

i  de lamination 

2.1+  TESTING  OP  INBOARD  DESIGN  FBATUBES  - 
EARTHING  SCHEMES 

2.1+.14  Schemes  Tested  -  As  mentioned 
earlier,  an  easier  and  cheaper  means  for 
connecting  the  parallel  sections  of  Bhleld 
to  the  cuff  had  to  be  found.  Two  most 
likely  materials  were  selected  and  the  flat 
panels  on  whioh  to  mount  these  were  produced. 
PANEL  1  -  HEXEL  THQRSTRANDt  This  material 
is  a  woven  glass  fabrio  prepreg  in  whioh  the 
individual  fibres  are  partially  coated  with 
aluminium.  The  panel  layout  was  as  follows 1 
a  10  inoh  length  of  titanium  sheet  to  rep¬ 
resent  the  parallel  portion  of  the  blade 
then  2l+  inohos  of  Thors trand  (2  plies  of 
T.E.F.  7).  The  joint  between  these  two  could 
best  be  described  os  nominally  touching  and 
was  covered  by  a  butt  strap.  The  inboard 
end  was  earthed  out  via  the  close  tolerance 
cuff  attachment  bolts  and  the  simulated  cuff. 
Inoidentally,  tl+e  face  of  the  Thorstrand 
shield  was  not  in  direct  contact  with  the 
ouff  as  a  sheet  of  nylon  antifret  shim  (appr¬ 
oximately  0.012")  was  positioned  in  between 
-  any  strike  in  the  Bhleld  had  to  paas  throu¬ 
gh  the  end  of  the  fibres  and  into  the  bolt 
shanks.  Fig  6. 

A  severe  strike  was  administered  (202kA 
I.83  x  10°  A2t)  with  encouraging  results. 

The  butt  strap  dsbonded  for  75^  of  its  bond 
area,  slight  arc  damage  to  Thorstrand  at 
that  point  and  very  slight  pitting  of  the 
bolt  shank. 

PANEL  2«  EXPANDED  ALUMINIUM  MESH!  This 
panel  was  identical  to  the  previous  specimen 
except  for  the  replacement  of  Thorstrand  with 
Fins  mesh.  A  strike  of  slightly  less  power 
(195  kA  1.79  x  10^  A2t)  produced  an  identical 
degree  of  damage.  Fig  6. 

PANEL  3»  ONE  PIECE  METAL  SHIELD:  This  speci¬ 
men  was  to  represent  the  ideal  -  if  money 
and  time  were  no  object.  No  butt  straps,  no 
alternative  materials,  and  no  antifret  shim 
to  worry  about  -  just  a  one  piece  titanium 
shield  bolted  to  the  ouff.  A  heavy  strike 


of  :202kA  1.77  x  10®  A2t  produo-ad  no  damage 
other  than  the  usual  slight  superficial 
arcing  at  the  tip  attachment  screws .  Pig  £. 

2.^.2.  Discussion  of  Sohame  Results  - 
These  trials  demonstrata  the  desirability 
of  a  continuous  solid  metal  path  for  the  whole 
span  but  if  necessary  either  of  the  two  alter¬ 
natives  tested  would  give  protection  if  the 
degree  of  damage  shown  could  be  tolerated, 
the  first  two  tests  on  the  outboard  specimens 
showed  that  the  results  from  coupons  can  be 
read  across  to  an  actual  blade.  Of  the  two 
substitutes  examined  the  Thors trand  would  be 
preferred  for  itB  ease  of  handling. 

2.4* 3*  Testing  of  Inboard  Blade  Specimens 
-  The  results  obtained  by  the  5  flat  panels 
were  particularly  interesting  in  the  areas 
of  the  tip  screws  and  cull'.  The  tip  screws 
with  the  larger  radial  clearance  to  the  shield 
did  not  sustain  any  flashovsr  damage  and  the 
Thorstrand  and  Mesh  showed  that  no  untoward 
damr'<>£  was  produced  by  passing  the  conductor 
under  the  cuff.  These  two  findings  enabled  a 
flight  standard  design  to  he  produced.  To 
recap,  it  would  be  very  costly  to  produce  an 
erosion  shield  formed  to  fit  the  changing  spar 
shape  of  the  inboard  end,  hut,  if  a  standard 
shield  section  had  its  leading  edge  cut  away 
in  this  area  the  two  strips  left  would  pass 
up  the  flat  sides  of  the  spar.  The  strips 
could  neatly  pass  under  the  cuff  and  with 
oversize  boles  to  prevent  arcing  to  the  cuff 
bolts  the  lightning  strike  would  arc  over  the 
antifret  shim  to  the  edge  of  the  cuff. 

A  blade  was  manufactured  to  this  standard 
and  was  passed  to  C.L.S.H.  for  trials.  A 
strike  of  l88kA  2.76  10®  A2t  was  applied. 

This  was  in  excess  of  the  required  level  of 
2  x  10°  A2t  but  nevertheless  damage  was  very 
minor.  The  only  visual  damage  incurred  was 
slight  da  bonding  of  the  butt  strap  (ig#  set.) 
This  degree  of  damage  would  not  present  a 
flight  hazard,  indeed  on  the  subsequent  tear- 
down  examination  the  strap  proved  very  diffi¬ 
cult  to  remove. 

However,  further  examination  on  the  dis¬ 
mantled  in-board  cuff  area  of  the  blade 
specimen  showed  arcing  from  the  carbon  layers 
to  the  bolts  had  resulted  in  pitting  of  ths 
cuff  bolts.  Tills  damage  would  be  of  no  imm¬ 
ediate  flight  safety  concern  but  could  have 
long  term  fatigue  implications.  Itwas  felt 
that  further  work  was  necessary  to  investigate 
and  resolve  this  issue. 

Following  this  discovery  ths  flat 
specimens  were  re-examined  in  the  pseudo-cuff 
am  a  and  on  closer  inspection,  similar  arcing 
between  the  carbon  and  tbs  bolts  was  found  on 
these  specimens.  This  would  appear  to  re¬ 
affirm  our  belief  that  the  results  obtained 
from  flat  specimens  can  be  directly  related 


to  those  produced  on  an  actual  blade  and 
that  proper  interpretation  of  the  results 
from  flat  specimens  is  capable  of  saving  a 
considerable  amount  of  time,  finance,  etc. 
on  the  re-design  of  the  final  blade. 

To  resolve  the  issue  of  the  pitted  cuff 
bolt  holes,  flat  specimens  have  been  manufac¬ 
tured  which  contain  a  combination  of  plain 
drilled  holes  and  bushed  holes.  The  philos¬ 
ophy  of  the  bushes  is  that  any  arcing  between 
the  carbon  layers  and  the  cuff  details  will 
now  pit  the  bushes  which  are  not  bo  oritical. 
The  strike  will  safely  transfer  from  bush  to 
bolt. 

3.  CONCLUSION 

It  is  envisaged  that  this  method  can  and 
will  be  used  with  greater  confidence  by  our 
designers  who  up  to  now  only  had  their  basic 
intuition  and  C.L.S.U.  experience  to  tide  them 
ovor  until  manufacture  of  a  blade  was  very 
far  advanced  and  design  decisions  had  been 
taken  which  could  result  in  costly  ohanges 
if  found  to  be  incorreot. 
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ADVANCE  TESTING  OF  LIGHTNING  PROTECTION 
SCHEMES  FOR  COMPOSITE  MAIN  ROTOR  BLADES 
(HELICOPTERS) 


FIG  1.  MAIN  ROTOR  BLADE 


ADVANCE  TESTING  OF  LIGHTNING  PROTECTION 
SCHEMES  FOR  COMPOSITE  MAIN  ROTOR  BLADES 
(HELICOPTERS) 


DEVELOPED  SPAR  SECTION 


INBOARD  1  (TRANSITION) 


1st  STRIKE 


FIG  5. 


ADVANCE  TESTING  OF  LIGHTNING  PROTECTION 
SCHEMES  FOR  COMPOSITE  MAIN  ROTOR  BLADES 
(HELICOPTERS) 


NANOSECOND  RESOLUTION  OF  E,H  AND  I  IN  AIRCRAFT  LIGHTNING  TEST  RIGS 
B  J  C  BURROWS,  CULHAM  LABORATORY,  ABINGDON,  OXON  0X14  3DB,  ENGLAND 


certain  types  of  wiring  comprise  burata  of 
decaying  oacillationa  in  cha  KHz  rang*  which 
show  no  raaemblanca  to  tha  driving  currant 
wavaform  which  ia  uaally  a  unidiractional  pulaa 
or  damped  ainuaoid  in  tha  ranga  30-300kHa.  Thaaa 
tranaianta  ara  dua  to  tha  coaplax  natura  of  raal 
I  tha  I  waveforms  in  practlca  and  tha  praaanca  of 
larga  rataa  of  changa  of  alactric  field  ft.  It 
haa  alao  baan  pointed  out  by  AFWL  that  fiald 
coupling  to  tha  aircraft  auat  ba  conaidarad  aa 
for  HE HP.  Thia  papar  praaanta  an  improved  nodal 
for  calculation  of  tha  aircraft  taat  ayataa 
parfornanca  which  anablaa  tha  paak  tranaiant  t 
valuaa  of  all  the  ralavant  paraaatara  (I,t;H,  Hj 
B,fi;  E,ft;  and  D,f>)  to  ba  calculatad.  Savaral 
iaportant  condualona  aay  ba  drawn  froa  tha 
inprovad  nodal  which  affact  tha  daalgn  of  taat 
riga  and  tha  validity  of  raaulta.  Pradictiona 
froa  tha  naw  nodal  ara  conparad  with  raaulta 
using  a  coaputar  circuit  coda  (NAP2)(6)  showing 
that  during  tha  firat  60ns  vary  reliable 
indication  of  tha  initial  tranaianta  of  i  (and 
hanca  ft)  and  i  ara  obtainad.  It  will  ba  shown 
that  2  distinct  tins  conatanta  dominate  tha 
parfornanca  of  tha  ayatan,  determine  tha  anplltuda 
of  tha  transient  fields,  and  tha  oscillation 
frequencies;  nanaly  a  source  tine  constant  and 
tha  aircraft/retum  conductor  two-way  tranaiant 
tine  tg.  A  further  tine  constant,  tha  switch 
closure  tins  t0  aay  influence  results  somewhat 
but  it  is  fait  that  this  is  lass  significant  than 
and  will  ba  considered  in  future  work. 


ABSTRACT 

~ — ->Many  designs  of  test  rig  have  aaargad  in 
recant  yaars  incorporating  hardwired  connections 
(Culhan,  LTAjatc)  and  design  incorporating  sarlaa 
open  arcs  at  each  and  of  tha  aircraft  (McDonnell) 
etc.) .  Important  characteristics  of  tha  taat  rigs 
ara  not  specified,  but  these  characteristics 
control  tha  generation  of  larga  (and  usually  hf) 
transients  through  tha  fast  coupling  processes 
(isTftTft).  Both  lumped  element  and  distributed 
element  representation  of  thaaa  taat  rigs  and  tha 
capacitor  banks  driving  them  will  ba  given,  and 
the  affects  of  parameter  and  geometry  variations 
will  ba  highlighted.  It  will  ba  shown  that  .• 
quantitative  analysis  of  fast  transients  (D,B) 
requires  much  closer  specification  of  tha  taat 
rig  parfornanca  including  switch  closure  time, 
capacitor  bank  and  connecting  lice  inductance, 
and  tha  transmission  line  impedance  of  tha  test 
rig.  Tha  recant  teats  on  tha  Fly-by-Wire  Jaguar 
at  Warton  near  Preston  in  England  showed  the  need 
for  davslopiug  a  quantitative  relationship 
batwaan  hf  transients  and  tha  fast  coupling 
processes. 

K 

STUDIES  OF  LIGHTNING  INDUCED  VOLTAGES  on 
aircraft  have  frequently  included 
considerations  of  test  methods  for  assessing 
an  entire  aircraft  in  a  ground  taat  in  which 
simulated  lightning  currents  ara  passed 
between  reprasentativa  attachment  points. 

Such  tests  ara  briefly  discussed  in  tha  SAE 
AK4L  Committee  Rsport(l)*  and  Culliam  Report 
CLMR163(2). 

Many  aircraft  teats  using  somewhat 
different  techniques  from  one  another  have 
baan  carried  out  in  the  US,  UK  and  Europe,  and 
in  these  tests  it  has  baan  reported  that  many 
transients  occur  in  tha  aircraft  wiring  which  are 
not  proportional  to  paak  currant  (t)  or  paak  rata 
of  rise  of  currant  (dl/dt  or  I)  as  described  in 
ref  l  and  2. 

In  particular  taste  on  tha  Jaguar  Fly-by- 
Wlre(3)  in  England  recently,  and  tha  Viggan  in 
Sweden  tha  previous  yaar(4)  showed  that 
scaling  aoma  of  tha  largaat  amplitude 
transients  with  dl/dt  or  I  was  not  justifiable 
in  terms  of  transient  waveforms  and  tha 
circuit  types.  This  implies  tha  lumpod 
element  equivalent  circuit  modal  of  tha  high 
currant  circuit  shown  in  figure  1  does  not 
produce  an  accurate  indication  of  the  voltage 
and  currant  environment  for  tha  aircraft. 

Also  work  in  tha  US  at  McDonnall  Aircraft 
Compaay(5)  has  shown  that  tranaianta  in 

*Nuabars  in  parentheses  designate  Rafarancas  at 

and  of  papar. 


REVIEW  OF  LUMPED  ELEMENT  MODEL 

An  alamatary  modal  of  tha  high  currant 
circuit  of  a  whole  aircraft  test  rig  for  induced 
voltages  is  shown  in  figure  1  for  a  system 
similar  to  that  used  for  most  tests  so  far, 
incorporating  a  capacitor  bank,  high  voltage 
swltch(ss);  connecting  lines,  tha  aircraft;  and 
return  conductors.  These  are  shown 
dlagrsmatically  in  figure  2  (taken  froa  ref  1). 


switch 


Fig.  1  lumped  Element  Model 

Ll>  Cl,  Rl  are  the  lumped  element  circuit 
valuaa. 
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Fiq.  2  .  Typical  aatupa  for  coaplata  vahicla  taaca. 


Alternative  but  generally  similar  ijehemas  ara 
tha  Culham  Quasi  Co-axial  rig  and  the  new  EMP 
typa  pulaar  described  by  Robb  and  F»,rala(7). 

In  figure  1  tha  effective  bank  capacitauca 
la  shown  by  Cl,  tha  total  affactiva  inductance 
of  tha  whole  system  including  ait'eraft,  return 
conductora,  capacitor  bank  and  transmission  lioaa 
la  ahown  by  Ll,  Rl  1®  the  tjtal  aariaa 
damping  raaiatanca  caused  by  loaaas  in  tha 
switch,  tha  capacitors  and  inductance  plus  any 
addad  waveshaping  raaiatanca. 

Using  this  modal,  tha  LF  circuit 
performance  can  be  calculated  although  it  dona 
not  predict  any  hf  transients  or  any  hf 
oscillations.  Assuming  CL  la  initially 


charged  to  Vo,  at  switch  closure  tha  main 
parameters  ara  given  by 


f  ■ 


1  -  Kj  V, 

* 

Us  (if  R  <  R  crit 


(1) 


_  (2) 
2V“L)<3) 

°L 


if  R  t  R  crit,  the  pulse  la  unidirectional. 

la  a  complex  function  of  Cl,  Rl  nod 
Ll  and  equals  1  if  R-*0,  and  <  1  if  R>0.  For  a 
critically  damped  pulae  (Rl  ■  R  crit)  Kj  - 
1/2.718. 

For  tha  purposes  of  example  in  thla 
paper,  a  teat  rig  geometry  as  in  figure  3  ia 
assumed  where  the  aircraft  fuselage  la 
rapraaentad  by  a  In  radium  cylinder.  (An 
arbitary  value  has  been  choaen  in  order  to 
illuatrafe  values  of  surface  U  and  F  later  in 
tha  paper).  The  inductance  and  capacitance 
per  unit  length  of  tho  'fueleege*  t0,  C„  are 
given  by  r, 

Lu  -  0.2  log#  jp  pH/*  ■  0.133 pH/m  (4) 


Cy  -  ^ *  |t85.4  pF/a  -  83PF/m  (5) 

log  — 

a  Rx 

Therefore  the  inductance  of  a  10m 
alrcraft/retum  conductor  syatem  ia  «  1.33  pH. 
A  total  (Ll)  of  3.8 pH  has  been  assumed  for 
the  calculation  below,  that  is  1.33  for  tha 
aircraft  and  2.47 pH  in  tha  capacitor  bank  and 
connection  system. 


Fig.  3  Simplified  'Aircraft*  geometry  assumed  for  this  paper.  The 

aircraft  fuselage  is  shown  as  a  cylinder  1m  radius,  10m  tong, 
with  return  conductors  spaced  at  an  equivalent  radius  of  1.95  m. 
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Extensive  measurements  on  th«  Hawker  Hunter  (••• 
for  instance  raf  8)  show  that  tha  valuaa  of  Zt 
di/dt  and  f  ara  uaabla  If  tha  transients 
occurring  in  tha  first  few  hundred  nanoaaconda 
ara  ignored.  An  improved  modal  is  required  to 
compute  these. 

Using  tha  valuaa  of  Lx,  above  and 
assuming  Cj,  “  0.125»iF  and  V0  -  380kV  (for  a 
severe  test),  and  putting  Kx  -  0.95; 

from  (1)  I  -  0.95  x  3.8  x  10s  •IM  * 

3.8  x  10b 

-  66kA 

from  (2)  #  -  3flfl  A  ifl.3  a  io11  A/s 
dt  3.83  x  i<Tfc 
from  (3)  f  -  230kHx 

NEW  LUMPED/ DISTRIBUTED  MODEL  FOR  INITIAL 
TRANSIENTS 

Tha  modal  is  shown  in  figure  4(a)  and 
comprises  two  parts:  a  lumped  source ,  and  a 
transmission  line  load  as  in  4(b).  In  figura 
4(b)  Rg  is  not  a  physical  element,  it  is  the 
transmission  line  characteristic  impedance  of  the 
aircraft/return  conductor  system  which  is  naan  by 
the  source  for  times  shorter  than  21/(3  x  10 u) . 
For  X  “  10m,  t^  “  66nssc. 

Using  this  model  the  tranalents  occurring 
on  the  system  may  be  calculated  by  using  the 
source  model  at  4(b)  which  itself  is  a  simple 
lumped  element  circuit.  The  voltage  across, 
and  current  through,  R*  determine  exactly  the 
voltage  end  current  Impressed  on  the  end 


of  the  transmission  line.  The  capacitor  bank  and 
switch  ara  shown  in  this  model  as  a  voltage 
source  turning  on  at  a  time  t0+.  It  is 
unnecessary  to  use  the  bank  capacitance  here 
because  in  times  as  short  as  60ns  the 
capacitor  bank  does  not  diecharge  appreciably  and 
behaves  as  an  inductor  in  series  with  a  voltags 
source,  and  Ls  is  that  inductance  together  with 
the  connecting  bus-bar  inductance  to  the  load. 
[Such  a  aource  model  requires  that  the  bank  is 
physically  small  and  close  to  the  aircraft  in 
order  that  the  use  of  a  lumped  inductance 
representation  is  allowable.  If  it  were 
physically  large  compared  to  V4  at  any  frequency 
of  Interest  it  would  have  to  be  represented  by 
another  transmission  line. J 
For  tha  source  model 


I  -  ^  (l-e 
Vu  -t/x„ 


- «-{; 

and  from  V  ■  I  *  L 


■  characteristic 
impedance  of 
structure. 


-Tr 


K-Zo 


source  model  (lumped) 


transmission  lint  load 
'bothway'  travel  time  ■  tA  ■ 


Fig.  4  Proposed  Lumped  /  Distributed  Model. 
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(Equation  (6).may  be  coapared  with  Aquation  (2) 
which  glvaa  dl/dt  -  V0/Ll) - 
'  Thua  both  dl/dt  and  dV/dt  ara  exponential 
dacaya,  tima  coaatant  t,  -  La/Ec  and  whoaa 
peak  value*,  occurring  at  tie*  t Q+  ara  aolely 
dependent  on  V0,I.,  and  Zg,  1.  depend  upon  the 
lumped  clamant  aource  model.  Therefore  dl/dt 
muat  be  larger  than  the  a imp la  LF  lumped  element 
modal  by  an  amount  depending  on  the  ratio  of 
L^/L ,.  In  fact)  dl/dt  with  a  phyalcally 
cloaa  low  Inductance  bank  might  be  many  tlmea  the 
LF  value.  dV/dt  yield*  extremely  large  value* , 
eg  uaing  Vg  ■  380kV  aa  before,  let  Lg  “  2.5 pH 


dV/dt 


40Q(from  equation  (7) 

3flQ  .  6  x  io  i 

2.5  x  10“b 


For  the  geometry  daacrlbed  for  fig  3.  (r1  -  1m, 
r2-  1.95m)  and  from  the  relation 

E- - — ¥ - —  (8) 

r  j  log#  r  2ttx 


slid.  m  6  X.  10 Z-  m  9  x  1012  V/m/e 
dt  loga  1.95 

and  D  ■  a  K  “  80A/m2 

Thue,  In  summary,  thla  teat  rig  dealgn  would 
produce  a  pule*  who**  parameter*  arei-  dl/dt 
(naan)  -  10 U  A/«;  dl/dt  (peak)  -  1.5  x  10 11  A/e 
and  b  (peak)  -  OOA/m2;  all  aavara  valuaa. 

To  complete  the  aummary  of  performance, 
for  the  atructure  of  fig  3,  and  for  I  -  66kA 
(from  thla  elmple  equivalent  circuit). 

£  ,  66-X.lfl.*  „  x.05  x  10 44  A/m, 

2%  e  i 

H  m  1.5  X  IQ±1  .  2.38  x  10 10 
2*  rt 

and  B  -  Hi  -  30,000  T/a. 


The  model  therefore  predict*  that  a 
waveform  coa^rlilng  peak  value*  of  i,  U  and  D 
will  atart  at  the  tranamlaelon  line  and  paaa 
down  it  toward*  the  far  end.  Thla  combined 
waveform  produce*  the  circuit  excitation  by 
combination  of  electric  and  magnetic  field 
coupling  proceaaea  depending  on  the  wiring  type 
and  orientation. 

After  a  period  of  tg  (■  66os  In  the  above 
example)  the  lumped/dlatributad  model  of  figure 
4(b)  la  no  longer  applicable  becauae  the 
reflection  from  the  far  end  of  the  tranamlaelon 
line  reachea  the  aource,  eo  changing  the  apparent 
Impedance  of  the  line.  In  the  following  eaction, 
the  initial  and  aubaequent  behaviour  of  the 
eye tea  la  shown  by  the  use  of  a  circuit  aualyels 
cod*  NAP2. 

COMPARISON  OF  SIMPLE  MODEL  AND  CIRCUIT 
ANALYSIS  CODE  PREDICTION 

The  NAP2  circuit  analysis  is  used  to 
demonstrate  the  performance  of  2  different 
circuit  configuration*,  with  3  different 
values  of  La,  the  source  inductance.  A 
short  circuited  transmission  line  as  In  figures  3 
and  4,  wa*  calculated  with  values  of  La  of  0.5, 
2.5  and  10 pH;  and  with  the  same  values  of  La 
an  open  circuit  line  was  calculated.  Of 
particular  Interest  Is  the  short  circuit  case 
with  La  -  2.5  pH  for  comparison  with  the 
previous  suction.  Figure  5  shows  the  system  as 
calculated  with  MAP 2.  Calculation  was  mad*  of 
1,  1,  V  add  V  In  the  three  places  aa  shown. 

Some  results  of  these  calculations  ara  shown 
in  figure  6.  The  time  span  of  the  calculation  Is 
500ns,  and  the  decaying  exponential  values  of  I 
and  V  derived  In  the  previous  section  are  also 
sketched  on  these  lines.  The  curve  of  I*  has 
been  Included  to  demonstrate  the  linear  ramp  of 


source 


Nod*  3 


Node  6 


I,  *** 

'  i/1 


- 


transmission  line 
(represents  10m  of  40(2  line) 


Node  13 

li 


H  short 
|  circuit 
I  end 


Fig,  5  Representation  of  aircraft  test  system  for  NAP2 
calculation. 


circuit 

end. 
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currant  to  be  axpactad  from  siapla  thaory  on 
which  la  impressed  an  oactllatlon  -  fraquantly 
callad  'hath' ,  but  now  aaan  to  ba  an  inherent 
part  of  euch-e  tast  system.  (Xf  a  capacitor  haa 
baan  uaad  for  tha  source,  tha  llnaar  raap  of 
currant  would  ba  tha  Initially  llnaar  part  of  a 
aina  wava.)  Tha  curva  of  dlj^/dt  confiraa  that 
tha  panic  valua  of  dl/dt  la  hlghar  than  tha  llnaar 
raap  rata;  for  aaallar  valuaa  of  La  thla  la 
avan  aora  aarlcad  aa  In  figure  7  for  La  -  0.5  pH. 
Both  curvaa  ahow  dl ^/dt  for  tha  opan  circuit 
llna,  again  ahowing  tha  good  fit  to  tha 
axponantlal  dacay  until  approxlaataly  60na. 
Howavar  tha  opan  circuit  lltta  than  ralaxaa  into  a 
vary  low  fraquancy  oaclllation  ( «  3HUa)  which  la 
aaaantlally  tha  luapad  element  frequency  of  tha 
aource  Inductance  La  recounting  with  tha  total 
llna  capacitance  to  ground  (approx  830pF).  Thla 
frequency  doaa  not  have  any  ralationahlp  to  a 
natural  frequency  of  tha  tranaaiaaion  line.  For 
tha  ahort  circuit  line  tha  wain  raaonancaa  are  9, 
22.5  and  32MHs  which  are  auch  cloaar  to  tha 
natural  fraquanciaa  of  tha  llna  ltaalf  (n  x 
7.5MHZ  where  n  la  1,2,3  etc)*  Table  1  lists  tha 
valuaa  calculated  by  NAF2  of  dl/dt  and  dV/dt  for 
V0  -  1  volt. 

It  la  alao  important  to  note  that  tha  ratio 
of  tha  peak  dl/dt  to  mean  becomea  larger 
progreeaively  further  along  tha  line  with  a 
maximum  at  tha  ahort  circuit.  In  Table  2  thaaa 
ration  are  liatad  for  all  3  valuaa  of  L#  for 
both  ahort  circuit  and  opan  circuit  line. 

Table  3  liata  tha  valuaa  of  dl/dt  and  dV/dt 
from  tha  NAP2  calculation  on  tha  llna  together 
with  tha  predicted  valuaa  from  tha  lumped  aourca 
modal  above. 

Thua  tli*  electric  field  (and  hence  D)  and 
tha  currant  (and  hence  H  and  B)  environment  on 
tha  aurfaca  of  the  structure  la  defined  at  tha  3 
locatlona  on  the  atructura.  Uaing  the  NAF2  code 
the  valuaa  at  any  point  along  tha  line  could  be 
calculated.  Local  variation*  in  geometry  from  a 
circular  croaa  faction  can  ba  calculated  uaing  2D 
analyela  technique*  uaing  a  local  maximum  and 
minimum  value*  of  K  and  H.  Tha  oaclllatory 
transient*  die  away  alowly  beyond  the  300ns  time 
of  tha  present  NAP2  calculations.  For  a 
unidirectional,  or  oscillatory  currant  pulaa  no 
further  transient  generation  occura  except  where 
aeeoclated  with  non-lineartiea  in  tha  atructura 
and  aparking. 

COMMENTS  ON  KKSULTS  AMD  CONCLUSIONS 

Tha  hf  transient  waveform*  occurring  on  teat 
rig*  for  induced  voltage  work  era  seen  to  be  an 
inherent  characteristic  of  tha  electrical  dsalgn 
and  physical  alaa  of  tha  rig,  and  can  not  ba 
claaaad  as  'hash'.  Xn  fact  they  form  an 
asaantlal  part  of  tha  electrical  and  magnatic 
field  environment  and  provida  savara  valuaa  of  fa 
and  &  during  taeting.  It  haa  baan  shown  that  a 
simple  lumped  constant  source  modal  predict*  the 
initial  pai&  amplitude  of  tha  transient*  and 
comparas  vary  favourably  with  results  from  * 


circuit  cods  calculation  uaing  NAP2.  In  tha  naxt 
phase  of  work,  experimental  maasurementa  will  ba 
parformad  to  check  tha  validity  of  thla  model. 

Thus  it  can  ba  abated  provisionally  that 
tasts  reported  in  tha  literature  in  tha  past, 
using  the  close  spaced  low  inductance  teat  ayatam 
preferred  by  Culhaa  (eg  FBW  Jaguar,  tha  Hawker 
Hunter,  tha  Vlggan  in  Sweden  and  tha  F16 
composita  fuaalaga  In  the  US)  all  had  aavere 
component*  of  feat  electric  field  aa  a  result  of 
the  Initial  transient  phenomena  diacuaead  in  thi* 
paper,  and  tha  same  would  be  true  of  taete 
reported  elsewhere. 

Moreover,  pending  experimental  confirmation, 
it  appear*  that  tha  tranaiant  lavals  can  bo 
d**ignad  into  tha  ayatam  by  conaidaration  of  two 
tlma  constant*  and  t^. 

Other  factor*  naed  to  ba  conaid*r«d  in  a 
physical  taat  ara  thus*  arising  from  oloaanas*  of 
tha  ground  and  tha  formation  of  another 
transmission  line  between  the  aircraft,  ita 
return  conductors  end  ground.  Thla  could 
introduce  additional  hf  resonances  a*  a  result  of 
excitation  of  tha  ground/airframs  eyetem.  Teata 
should  of  course  ba  ideally  dona  over  a  vary  dry 
insulating  ground.  How«v«r  it  is  likely  that  the 
major  excitation  proceaeee  occur  from  the  initial 
tranaiant  described  iu  the  prsvioua  section. 

Theae  reaulta  provide  an  insight  into  the 
sequence  of  excitation  using  th*  two  arc  mathod, 
la  th*  aircraft  1*  *ituat*d  in  a  tast  rig  with 
arc  gaps  at  such  and.  Whan  the  generator  firea 
it  firat  sparks  ovar  tha  the  entry  gap,  charges 
tha  aircraft  up,  and  than  tha  far  *nd  grounding 
gap  braak*  down. 

Tha  *ntry  gap  apark  ovar  ia  similar  to  tha 
excitation  described  above  with  tha  transmission 
llna  open  circuit  at  ita  far  end.  A 
comparatively  low  frequency  will  be  excited 
depending  on  tha  aource  inductance  end  aircraft 
capacltanca  to  ground,  togethar  with  fraquanciaa 
around  1/2  frequency  of  tha  aircraft  teat  object. 
Thla  will  quickly  be  changed  to  a  very  different 
type  of  excitation  whan  tha  far  end  grounding  gap 
flaehas  ovar  so  becoming  a  abort  circuited 
structure  having  th*  sort  of  excitation  described 
in  an  earlier  section  (it  being  of  little 
significance  in  terms  of  tha  tranaiant*  ms  to 
whether  s  voltage  source  ie  suddenly  applied  to 
th*  load  or  ie  discharged  to  ground)  with 
different  frequencies,  and  additlonaly  a  steady 
ramping  currant  with  its  aasociatsd  oscillatory 
rise.  From  tha  NAF2  calculation  it  is  apparent 
that  when  th*  spurious  low  frequency  lumped 
element  resonances  around  1.7  to  5HH*  ara  ignorad 
that  tha  £  and  fa  valuaa  ara  ganarally  lower  than 
those  with  a  short  circuited  end;  additlonaly  the 
open  circuit  case  doaa  not  lucluda  tha  main  LF 
currant  ramp  (leading  to  tha  moan  LF  currant 
pulaa)  which  ia  important  in  taatlng  G&/BF 
atructura*;  hsnes  tha  mora  savara  casa  la  the 
ahort  circuit  and  case,  wbara  high  5  and  fa  ara 
combinad  with  a  lightning  typa  currant.  Thla 
doaa  not  infer  that  simulation  ie  par fact;  on  tha 


Table  1A  -  Keaulta  of  NAP2  Calculation*  for  Short  Circuit  and  Open  Circuit  Transmission  tine 
Peak  Value*  of  dl/dt  and  dV/dt  for  L.  -  0.5,  2.5  and  10(41. 


Ls  W 

sc  0.5 

oc 

sc  2.5  oc 

sc  10 

oc 

dlj/dt  A/a 

1.54*10 6 

1.54*10 6 

3.76*10 5  3.9x10  s 

9.7*10 4 

9.8x10 4 

dlfi/dt  A/s 

8.3  *10 6 

7.5  *10 5 

4.9*10 5  3*10 5 

1.7*10  5 

9x10  4 

dl  G/dt  A/s 

1.54*10 6 

- 

6.4*10 5 

2*10  5 

- 

dV  3/dt  V/S 

3.7  *10 7 

3.7  *10 7 

1.33x10  7  2.2x10  7 

4.3x10 6 

1.1x10 7 

dV  g/dt  V/s 

2.7  *10 7 

3.2  xlO7 

1.15*10  7  2. 1x10 7 

3.3x10s 

1.1x10 7 

dV13/dt  V/s 

- 

5.5  *10 7 

2.4x10 7 

- 

1.1x10 7 

Table  IB  -  Result*  of  NAP2  Calculation  for  sc  and  oc  Transmission  Line  Value  of  dl/dt  and  dV/dt  of 
the  most  Predominant  RP  Component  (but  igaorlng  the  spurious  resonance  for  the  oc  case  (see  text) 


Ls  (iH 

0. 

sc 

!> 

oc 

9 

J 

8C 

' 

OC 

10 

sc 

OC 

Frequency  MHz 

11.4 

17 

9.2 

15 

8.3 

14.6 

dl;/dt  A/s 

5  xlO5 

8  xlO4 

8x10  4 

very  small 

7x10  3 

very  small 

dl6/dt  A/s 

3.7x10 5 

1.9*10 5 

1.7  xlO5 

1.3x10 5 

6x10  4 

3. 2x10 4 

dl  G/dt  A/s 

7. 5*10 5 

- 

2.5  xlO5 

- 

9x10  4 

- 

dV3/dt  V/s 

1.5x10 7 

6.7x10s 

1.25x10 7 

3x10  s 

4.1x10s 

1x10  s 

dVe/dt  V/s 

2.5x10 7 

5*10  6 

1x10  7 

1x10  6 

3x10  s 

<5x10  5 

dV  i  j/dt  V/s 

- 

-1x10  7 

- 

3x10  s 

- 

-1x10  s 

Table  2  -  Ratio  of  Peak  dl/dt  to  mean  dl/dt  for  Short  Circuited  line;  obtained  from  NAP2  code. 
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Table  3  -  Comparison  of  Lumped  Source  Model  and  NAP2  Calculation  of  Initial  Peak  Values  of  dV/dt  and 
dl/dt 


Ls  UH 

0.5 

2.5 

10 

LS  Model 

NAP2  sc 

NAP 2  oc 

LS  Model 

NAP2  sc 

NAP 2  oc 

LS  Model 

KAP2  sc 

NAP  2  oc 

dv^dt 

6.3  xlO7 

3.7  xlO7 

3.7  xlO7 

1.5x10 7 

1.25x10 7 

1.2  xlO7 

3. 9x10 6 

3. 6x10 6 

3.3x10 6 

dl  x/dt 

1.58x10 6 

1.54x10 6 

(1. 54x10  6) 

3.8x10  s 

3.76x10s 

3.76x10s 

9.9x10** 

9.75x10** 

9.9x10** 

LS  model  ■  Lumped  source  model 

NAP2  sc  ■  NAP 2  calculation  short  circuit  end 

NAP2  oc  -  NAP2  calculation  open  circuit  end. 


contrary,  the  successive  phases  of  natural 
lightning  contact  to  an  aircraft  probably  give 
high  b  components  (and  possibly  high  B 
components)  at  different  times  from  the  low 
frequency  I  and  the  main  current  pulse.  For 
example  D  is  probably  at  its  highest  at  leader > 
contact  with  the  aircraft  when  currents,  i  and  B 
may  be  comparatively  small,  or  at  least  be  of 
very  short  duration.  It  is  vital  for  specifying 
a  ground  test  adequately  that  the  values  of  D, 
the  frequency  content  and  duration  need  to  be 
obtained  for  Inflight  strikes.  It  is  to  be  hoped 
that  the  NASA,  US  Air  Force  and  French  work  on 
inflight  measuremonts  will  yield  sufficient  data 
for  the  purpose  of  specifying  test  design  in  due 
course. 
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The  Sandia  Lightning  Simulator 
By 

James  C.  Bushnell  and  J.  G.  Kostas 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 


ABSTRACT 

Sandia  has  developed  a  lightning  simulator  to  produce  currents  equivalent  to 
those  of  severe  natural  lightning,  (99  percentile),  on  external  loads  on  the  order 
of  8  microhenries.  The  simulator  can  produce  from  1  to  4  pulses,  with  the  first 
pulse  having  peak  current  of  200  kiloampere,  rising  to  this  value  in  2  microseconds 
with  an  e-folding  decay  time  on  the  order  of  75  microseconds.  The  Interpulse 
spacing  may  be  variad  over  a  wide  range.  A  continuing  current  on  the  order  of  300 
amperas  for  1  second  may  also  be  included.  The  total  action  integral  is  as  high 
3  x  lQ^  ampere^  -  second,  and  total  charge  transfer  300  coulombs.  The  design  and 
implementation  of  this  facility  and  associated  instrumentation  will  be  discussed. 


This  paper  was  not  available  for  incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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FULL-SYSTEM  TESTS  USING  THE  SANDIA  LIGHTNING  SIMULATOR 


Hobart  A.  White 

Sandia  National  Laboratories,  Albuquerque,  New  Mexico 


ABSTRACT 


Direct-stroke,  very  high- level  natural  lightning  is  simulated 
with  a  developmental  lightning  simulator,  which  has  been  used  to 
apply  fast-rising,  high-current,  high-energy  outputs  to  full-scale 
operational  systems.  Samples  of  the  wide  range  in  output  capabili¬ 
ties  of  this  high-voltage,  multiple-pulse  simulator  arc  described. 
Circuit  considerations  related  to  its  use  for  testing  physically 
large  test  items  are  discussed.  The  simulator  is  primarily  used 
for  conducting  internal  Sand la  National  Laboratories  test  programs, 
but  exuaple  waveforms  from  direct-strike  lightning  simulation  tests 
made  for  the  Navy  with  functional  F-14  and  F/A-18  aircraft  are  also' 
presented. 
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LIGHTNING  SIMULATION  TESTING  of  f^l-scala, 
fully  operational  ays tana  at  pula a  lavala 
corresponding  to  low-probability ,  aaximua- 
threat  conditions  is  a  subject  of  relatively 
widespread  interest.  Severe-threat  current 
levels  as  high  as  200  kA  peak  ere  being  speci¬ 
fied  for  an  increasing  number  of  systeas.  High 
rates  of  rise  in  current  are  aore  frequently 
being  associated  with  hazards  to  equipoent  froa 
natural  lightning.  Simulation  test  current 
rate  of  rise  (di/dt)  as  high  as  2  x  10 11  A/ s  is 
also  being  specified  aore  frequently. 

The  need  for  high-current  lightning  simu¬ 
lators  has  been  described  in  nuaerous  previous 
publications  and  conferences,  and  auch  has  been 
written  concerning  natural  lightning  and  sub¬ 
jects  related  to  it.  The  1982  IEEE  Transac¬ 
tions  on  Electromagnetic  Compatibility(l)* 
contains  many  papers  and  their  references  which, 
describe  and  summarize  auch  of  what  is  known 
about  lightning  and  its  Interaction  with  air¬ 
craft.  It  includes  a  paper  by  Uaan  and 
Krlder(2)  that  provides  a  good  review  of  light¬ 
ning  subjects  and  also  a  comprehensive  biblio¬ 
graphy  of  literature  related  to  lightning 
measurements  and  models. 

This  paper  discusses  some  aspects  of 
lightning  simulation  testing  of  iteas  ranging 
in  size  up  to  that  of  full-scale  operational 
military  aircraft.  A  partial  discussion  of  the 
Sandia  National  Laboratories,  Albuquerque 
(SNLA)  lightning  simulator  itself  and  soma  of 
its  capabilities  are  included.  Bushnell  and 
JCostas(3)  provide  a  more  detailed  description 
of  the  simulator  elsewhere  in  this  conference. 
Several  different  output  pulse  voltage  and 
current  waveforms  related  to  use  of  the  simu¬ 
lator  for  lightning  simulation  testing  are 
discussed  below.  No  attempt  is  made  in  this 
paper  to  discuss  instrumentation  or  test  item 
responses. 

Natural  lightning  encompasses  such  a  wide 
distribution  of  high-voltage,  high-current 
characteristics  that  the  task  of  simulating  it 
ie  made  easier  by  using  some  of  the  high- 
voltage,  pulaed-power  technology  that  has 
developed  over  the  years  in  several  of  the 
national  laboratories.  A  little  of  that  tech- 
nology,  as  related  to  the  Marx  generators  and 
aegavolt  switches  used  in  this  simulator,  is 
also  mentioned. 

Some  of  the  discussion  in  subsequent 
sections  is  intended  to  support  the  concept 
that  severe  (high-level)  lightning  can  be  more 
easily  simulated  with  physically  saall  objects 
or  systeas  having  low-impedance  than  with 
large,  high-impedance  test  items.  The  great 
majority  of  lightning  simulation  testing  with 
this  simulator  is  done  with  test  systeas 
smaller  then  full-scale  fighter  aircraft,  so  it 
is  easier  to  do.  The  versatile  nature  of  this 
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developmental  simulator  is  made  aore  apparent 
by  describing  some  of  the  large-item  high-level 
tests  that  have  been  made. 

LIGHTNING  SIMULATION 

CROWBARRED  MARX  LIGHTNING  SIMULATOR  - 
Underdaaped  RLC  capacitor  discharge  circuits 
using  the  crowbar  technique  to  clamp  or  short 
out  the  capacitor  when  peak  current  is  reached 
have  bean  used  for  pulse  stretching  here  for 
more  than  25  years  and  also  at  several  of  the 
other  national  laboratories.  This  method  can 
provide  fast-rising,  long-duration,  unidirec¬ 
tional  pulses.  Use  of  crowbarred  Marx  surge 
generators  was  strongly  supported  by  F.  H. 
Neilson(4)  in  1977  for  simulation  of  very 
high-level  lightning  currents.  How  to  crowbar 
megavolt  or  higher  voltage  circuits  was  an 
important  factor  related  to  the  success  of  such 
a  simulator.  Testing  described  by  Farker(5) 
confirmed  and  demonstrated  the  feasibility  of 
using  a  gas-dielectric,  triggered-spark  gap  as 
a  1-MV  crowbar  switch. 

Utilisation  and  developmental  operation  of 
this  new  lightning  simulator  facility  during 
the  past  year  or  so  has  confirmed  the  perfor¬ 
mance  characteristics  and  capabilities  pre¬ 
dicted  and  described  by  Neilson.  Once  the 
capability  of  using  the  simulator  for  lightning 
studies  was  demonstrated,  the  request  for  tests 
became  so  great  that  continued  development 
efforts  had  to  be  greatly  curtailed.  Since 
then,  nearly  constant  test  operation  of  the 
simulator  has  displaced  its  continued  develop¬ 
ment  to  brief  intervals  between  test  progrsms. 

The  advantages  of  a  crowbar-switched  Marx 
circuit  over  other  approaches  for  a  simulator 
were  described  by  Nailson(4)  along  with  the 
important  transient  circuit  parametric  rela¬ 
tionships  for  several  approaches •  The  under¬ 
daaped  crowbar  switched  RLC  circuit  approach  to 
generating  a  severe  threat  currant  pulse  is 
many  times  more  efficient  then  using  an  over- 
damped  bank. 

APPLICABLE  TEST  CRITERIA  -  The  type  of 
test  and  the  test  levels  to  be  used  need  to  be 
carefully  considered  relative  to  the  nature  of 
the  item  beiug  tested.  Simulation  of  low- 
occur recce-probability,  severe-threat,  vary 
high-level  lightning  places  stringent  demands 
on  lightning  simulator  performance  and  on  the 
item  being  tested.  The  need  for  a  high-level 
simulator  may  be  very  important  if  critical 
systems  must  be  tested  with  severe  simulated 
lightning  environments.  Very  high-level  test¬ 
ing  may  than  be  the  only  way  of  obtaining  the 
required  information. 

Operational  survivability  or  safety  needed 
for  other  test  iteas,  on  the  other  hand,  may  be 
auch  less  critical,  and/or  exposure  probabili¬ 
ties  may  be  low.  It  may  be  important  not  to 
overdesign  or  overtast,  especially  whan  the 
relative  consequences  of  lightning  damage  or 
service  disruption  are  minimal.  Very  large, 
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unjustified  costa  and  largo  design  and  perfor¬ 
mance  penalties  for  normal  nonlightning  envi¬ 
ronments  may  result  from  providing  unnecessary 
ovarprotection. 

Simulation  of  all  of  tha  more  important 
charactaristics  of  natural  lightning  requires  a 
varaatila  system  with  a  broad  range  of  capabil¬ 
ities.  Simulation  of  simplified  versions  of 
the  extreme-level  high-currant  pulses  is  a 
smaller  task  but  still  not  assy.  A  number  of 
sources  such  as  Cianos  and  Pierce(6),  the  SAE 
committee  AE4L  report(7)  or  MIL-STD-1757(8) 
propose  or  establiah  simplified  pulse  criteria 
for  lightning  simulation.  Natural  lightning 
characteristics  and  summaries  of  proposed  or 
established  simulation  specifications  are 
provided  in  many  references.  The  papers  in  the 
proceedings  of  the  Culham  Laboratory,  England 
1975  Conference  on  Lightning  and  Static  Elec¬ 
tricity,  including  those  of  Fiarce(9)  and  of 
Fhillpott(lO)  give  good  summaries  and  discus¬ 
sion  of  lightning  test  criteria. 

Even  after  simplification  to  bare  essen¬ 
tials,  a  single,  severe-level,  return-stroke, 
siuuleted  pulse  is  not  easy  to  show  in  its 
entirety  in  a  simple  plot.  A  simulation  pulse 
shown  in  Fig.  1  has  an  amplitude  that  ranges 
over  three  orders  of  magnitude  and  a  time 
duration  that  ranges  over  seven  orders  of 
magnitude. 

Simulation  of  just  one  pulse  may  not  be 
enough  to  satiefy  some  test  requirements.  Over 
a  decade  ago,  Cianos  and  Fierce  proposed  a 
three-pulse  “Applied  Model”  for  simulation  of 
severe  lightning.  Since  nsturel  lightning 
often  has  many  return  atrikee,  several  pulses 
are  a  better  simulation  than  just  one.  Their 
severe  lightning  applied  model  has  three.  The 
first  hss  a  200- kA  peak  and  the  two  subsequent 
strokes  each  have  100  kA.  More  recent  propos¬ 
als  end  criteria  have  been  in  general  agreement 
and  propose  two  pulses  with  the  same  200-kA  end 
100-kA  levels.  HIL-STD-1757 ,  entitled  "Light¬ 
ning  Test  Waveforms  and  Techniques  for  Aero¬ 
space  Vehicles  and  Hardware,"  specifies  a  250- 
me  to  1-second  interval  between  pulses. 

DOUBLE  PULSE  WITH  FULL-SCALE  AIRCRAFT  - 
The  majority  of  items  tested  at  this  facility 
require  double-pulse  simulation  with  contiuulng 
current  at  soma  point  during  the  test  process. 
Fig.  2  shows  the  current  wavaform  record  from 
one  such  test  with  tha  Navy  F/A-18  Hornet  jet 
airplane  made  during  August  1982.  This  record 
was  obtained  using  one  of  the  lightning  facil¬ 
ity  Tektronix  7812  digitisers,  which  provides  a 
split  time  bass  capability.  The  horizontal 
tlisabsse  shown  is  divided  into  five  separate 
time  intervals.  Approximately  16  ns  was  the 
time  interval  between  pulses.  Tima  separations 
between  pulses  have  bean  selected  between  10  as 
and  800  ms  for  other  tests. 

This  test  also  included  continuing  current 
in  tha  several  hundred  ampere  range  between 
pulses  And  continuing  well  past  the  second 
pulse.  Tims  of  rise  for  each  of  the  two  pulses 
was  2  pa. 


Double-pulse  lightning  simulation  with 
continuing  current  was  applied  several  times  to 
the  F/A-18  and  was  also  used  in  June  1982  for 
lightning  testing  of  the  Navy  F-14  Tomcat  jet 
airplane.  Additional  description  of  the  use  of 
the  lightning  simulator  for  the  Navy  airplane 
tests  has  been  treated  by  Ewing(il)  and  by 
Ferala  and  Easterbrook(12) . 

MULTIPLE  FULSE  SIMULATOR  ARRANGEMENT  - 
Several  different  combinations  of  Impulse 
generators  have  been  used  in  the  two  main  tanks 
of  this  simulator  system.  Using  multiple 
sources  allows  multiple-stroke  lightning  simu¬ 
lation.  Output  pulse  characteristics  can  also 
be  more  easily  adapted  to  different  specific 
test  requirements  using  multiple  sources  with 
different  inductive  circuit  elements  to  suit 
the  test  requirements.  Fig.  3  shows  multiple 
isolation  spark  gaps  arranged  to  allow  multiple 
sequential  pulses  during  a  single  test.  Use  of 
the  isolation  gaps  allows  time  separation 
between  pulses  to  be  set  to  any  Interval  from 
microseconds  to  1  second. 

Most  of  the  testing  with  the  simulator  lias 
been  done  using  only  one  crowbar  spark-gap 
switch  (G^g)  and  one  isolation  spark  gap  in 
each  of  tne  two  simulator  tanks.  Sometimes  one 
crowbar  switch  is  used  with  a  single-impulse 
generator,  and  at  other  times,  two  generators 
are  crowbarred  simultaneously  with  a  single 
switch.  Make-up  inductors  (Lw„)  are  used 
between  a  crowbarred  Marx  generator  and  its 
test  load  to  provide  the  desired  wave  shape. 
Different  Inductance  values  are  built  into 
these  colls  for  different  generators  or  dif¬ 
ferent  combinations  of  generators.  The  product 
of  total  loop  inductance  end  source  capacitance 
are  adjusted  to  make  (n/2 )/£C"  equal  to  the  de¬ 
sired  time  to  peak.  Most  of  the  tests  have  had 
a  nominal  2-pa  timo  to  peak  (t  ). 

The  very  simplified  diagram  of  Fig.  3  is 
not  intended  to  be  comprehensive.  Many  things 
are  not  shown  in  the  diagram,  including  the 
continuing-current  generator  ayatem.  It  is 
used  to  provide  sustained  current  flow  for 
durations  out  to  about  1  s.  Tha  continuing- 
current  system  is  also  connected  to  the  output 
for  those  tests  requiring  it.  Since  it  is  c 
lower  voltage  system,  it  is  located  outside  of 
the  simulator  tanks.  Low-level  current  from 
the  continuing-current  system  is  started  with 
the  first  high-amplitude,  return-stroke,  cur¬ 
rent  pulse  and  continues  until  the  arc  extin¬ 
guishes  between  0.5  and  1  s.  The  continuing- 
current  component  starts  around  1  kA  and  slowly 
decays  to  about  300  A. 

The  oil-insulated,  coaxial  interconnection 
between  simulator  tanks  provides  a  connection 
path  to  the  load  but  also  sets  as  a  short 
transmission  line  that  affects  the  detailed 
features  of  the  output  pulse.  During  tests 
with  series  spark  gaps  in  the  test-load  cir¬ 
cuit,  the  capacitance  of  the  oil  line  acts 
somewhat  like  a  peaking  capacitor  and  briefly 
increases  the  initial  rate  of  rise  in  current. 
Different  Hindu  of  terminal  arrangasMnts  and 
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return-circuit  arrangement*  are  used  to  connect 
to  the  test  item. 

The  ‘feaximuu  stored  energy  of  650  kJ  from 
all  four  impulse  generators  combined  could 
deliver  at  most  2  x  106  A2*  a  action  integral  to 
a  total  load  circuit  resistance  not  exceeding 
0.3  ohms.  MIL-STD-1757  specifies  a  single¬ 
pulse  action  Integral  of  2  x  106  A2*s  for  the 
initial  200-kA  high-peak  current  component  A  of 
qualification  tests  for  full-size  hardware 
subject  to  direct-utroke  attachment. 

TEST  SETUP  PHYSICAL  LAYOUT  -  Since  the 
SNLA  lightning  simulator  was  originally  devel¬ 
oped  to  test  relatively  small  systems,  physical 
layouts  of  the  facility  were  not  oriented 
toward  testing  full-size,  operational  aircraft. 
Smaller  test  items  are  generally  located  in¬ 
doors  between  the  two  main  simulator  tanks. 
They  may  be  vertically  supported  above  a 
vertical-axis,  high-voltage  terminal  or  may  be 
located  near  it  but  displaced  to  ona  side.  A 
horizontal-axis  high-voltage  bushing  can  be 
used  as  an  alternate  terminal  arrangement.  It 
mounts  on  the  side  of  an  oil-filled,  cross 
transition  that  allows  switching  to  an  oil- 
insulated  dummy-load  coil  mounted  in  a  horizon¬ 
tal  cylindrical  container  on  the  opposite  side. 

The  arrangement  of  the  simulator  tanks  is 
shown  in  Pig.  4  with  the  cross,  horizontal 
bushing  and  oil-insulated  load  coil.  The 
dummy-load  coil  allows  the  simulator  to  be 
fully  checked  out  with  a  representative  load 
Just  prior  to  a  subsequent  shot  into  the  real 
load.  An  Air-Launched  Cruise  Mx-aila,  ALCM, 
with  its  return  circuit,  is  shown  connected  to 
the  simulator  output.  Lightning  simulation 
tests  with  the  ALCM  are  scheduled  during  1983. 

The  relative  locations  of  the  four  sepa¬ 
rate  Marx  surge  generators  used  in  the  simula¬ 
tor  are  also  shown  in  the  diagram.  Other 
components  used  in  the  oil-filled  simulator 
tanks  to  trigger,  crowbar,  waveshape,  etc.,  are 
not  shown  in  this  figure. 

When  the  full-size  aircraft  were  tested, 
there  was  not  room  within  the  building  for 
them.  An  oil- insula ted,  coaxial  transmission 
line  was  constructed  so  that  the  horizontal 
high-voltage  bushing  shown  in  Pig.  4  could  be 
located  outside  of  the  building.  The  ALCM 
tests  require  that  portions  of  the  missile  and 
its  return  circuit  be  outside  in  an  adjoining 
temporary  addition. 

RETURN  CIRCUITS  -  Current  returning  to  the 
simulator  from  the  test  object  la  usually 
routed  back  to  the  output  terminal  ground 
through  multiple  conductors.  The  conductors 
are  positioned  to  provide  the  minimum  practical 
value  of  total-load-cirtuit  inductance  and 
still  not  greatly  disturb  the  surface  currents 
in  the  test  item.  The  return  circuits  are 
often  made  coaxial  unless  it  is  either  imprac¬ 
tical  or  no  particular  naed  to  do  so  exists. 

The  return  circuit  needs  to  be  adequately 
spaced  from  the  test  item  so  that  unintended 
fleahovera  between  them  do  not  occur.  A  aeries 
spark  gap  is  shown  in  the  previous  figure  near 


the  tell  of  the  miseile.  The  teat  circuit  is 
completed  by  breakdown  of  thia  gap  between  the 
ALCM  and  ita  return  circuit.  At  least  e  email 
air  gap  is  always  used  in  any  test  requiring 
continuing  current.  However,  it  can  be  located 
at  either  end  of  the  test  item.  Instead  of 
using  a  short  free-air  spark  gap  to  complete 
the  test  circuit,  some  setups  employ  e  long- 
spark  in  conjunction  with  high-peak  currant 
taste. 

The  return  circuit  for  the  F/A-18  la 
sketched  in  Fig.  5,  which  shows  the  aircraft 
surrounded  by  cables.  The  wheels  were  down  for 
both  airplane  tests  end  supported  on  high- 
voltage  insulators.  Twenty  cables  were  ar¬ 
ranged  around  the  plane  In  a  nearly  coaxial 
array  for  both  aircraft  tests.  The  cables  wars 
supported  by  wooden  stands  and  routed  both  to 
the  tail  and,  with  s  branching  array,  to  the 
left  wing.  Both  the  F-14  and  the  F/A-18  light¬ 
ning  tests  were  conducted  for  the  Naval  Air 
Systems  Command.  The  overall  return  circuit 
structures  end  systems  for  both  airplanes  were 
of  similar  design.  Tha  rsturn  circuits  ware 
furnished  end  fabricated  on  site  by  Electro 
Magnetic  Applications,  Inc. (12)  An  overview  of 
the  tests  is  provided  by  Perala(12)  in  another 
paper  in  this  conference. 

The  inductance  value  of  the  test  item  end 
ita  return  circuit  becomes  relatively  high  when 
something  as  large  as  an  airplane  is  being 
tested.  The  simulator  must  have  high  voltage 
to  drive  high-peek  currents  with  high-rising 
di/dt  through  the  load.  This  is  discussed 
further  in  later  sections. 

IMPULSE  GENERATORS  -  The  design  of  the 
four  Marx  generators  used  in  this  lightning 
simulator  was  adapted  from  a  3 .2 -MV  design  used 
in  a  number  of  nonlightning  SNLA  pulsed  power 
applications. (13)  Tha  basic  3.2-MV  arrangement 
was  designed  over  e  decade  ego,  end  e  number  of 
workiug  variations  have  evolved  from  It  since 
then. 

The  physical  arrangement  of  this  multiply 
folded  impulse  generator  design  is  shown  in 
Fig.  6.  Each  generator  haa  32  separate  energy- 
storage  capacitors  arraugad  in  a  dual-  polarity 
Marx  circuit.  Sixteen  field-  distortion, 
midplans,  trlggersd  spark  gaps  are  uaad  to 
switch  the  capacitors  in  ssries  after  the 
bipolar  charging  is  complete.  Each  of  tha 
capacitors  i«  charged  to  a  maximum  of  100  kA. 
Most  of  the  lightning  simulator  teats  have  been 
made  with  lass  than  full-charga  voltag*.  At 
full-charge  voltage,  each  sulphur  hexafluorids 
(SFb)  insulated  spark  gap  holds  off  200  kV. 
Each  of  the  four  impulse  generators  used  in  the 
lightning  simulator  ere  of  the  same  design  and 
physical  size.  Each  has  32  of  the,  100-kV 
capacitors,  but  two  different  values  of  capaci¬ 
tance  ere  used.  The  capacitors  in  the  lower 
capacity  generators  ere  a  llttla  over  0.7  HF, 
end  the  higher  capacitance  units  in  the  same 
size  container  ere  each  nearly  1.35  W7.  This 
provides  ths  higher  Capacitance  Marx  generators 
with  nearly  twice  the  enargy  of  the  lower 


capacitance  units* 

The  Marx  circuit  was  devised  by  G.  Marx  in 
Germany  in  1924,  and  many  variations  have  been 
adpated  iron  it  in  the  nearly  6  decades  that 
have  passed*  The  dual  polarity  charged  Marx  is 
one  of  several  that  has  bean  used  extensively 
at  SHLA.  This  bipolar  design  has  demonstrated 
high  reliability  in  P8FA-I(14)  where  36  sepa¬ 
rate  116-kJ  units  are  simultaneously  erected  to 
a  circuit-driving  voltage  near  their  design 
rating  of  3.2  MV. (15)  The  resultant  4-MJ- 
parallel  output  pulse  of  the  PBFA-I  accelerator 
is  used  for  research  in  the  Particle  Beam 
Fusion  program  at  SNLA.  A  somewhat  larger 
6-MV,  400-kJ  generator  has  been  designed  and 
tested  for  the  14-MJ  PUPA- I I  accelerator  where 
36  of  them  will  again  be  used  in  parallel. 

The  impulse  generators  in  the  lightning 
simulator  and  all  of  the  others  mentioned  are 
oil-insulated.  Multiply  folded,  oil-insulated, 
bipolar  generators  have  a  desirably  low  source 
circuit  Inductance  and  furnish  much  higher 
voltage  to  inductance  ratios  than  are  generally 
possible  with  air-insulated  impulse  generators. 

The  bipolar  Marx  circuit  has  a  number  of 
advantages  in  high-energy  pulsed-power  applica¬ 
tions,  even  though  it  requires  both  positive 
and  negative  equal-charging  voltages.  A  sim¬ 
plified  schematic  is  ahown  in  Fig.  7  for  a 
four-capacitor,  two-spark  gap  circuit.  Because 
only  one-half  as  many  spark  gaps  are  required, 
maintenance  is  reduced  and  reliability  im¬ 
proved.  It  is  relatively  easy  to  fold  into 
compact,  low- inductance  configurations.  It 
does  not  need  an  isolation  gap  between  its 
output  aqd  the  teat  load  (for  single  pulses) 
although  one  may  be  used.  The  output  polarity 
of  this  type  generator  can  usually  be  reversed 
quite  easily. 

The  basic  3.2-MV  PBFA  Marx  generator  has 
more  voltage  than  was  needed  for  lightning 
simulation  testing  with  low-inductauce  loada. 
Therefore,  when  this  3.2-MV  deslgu  was  adapted 
for  use  with  the  lightning  simulator,  it  was 
split  in  two.  The  two  resultant,  normally 
series-connected  halves  were  then  joined  in 
parallel  to  make  a  unit  with  four  times  the 
capacitance  and  twice  the  current  capability 
but  with  only  a  1.6-KV  output,  i.e.,  one-half 
of  the  original  design  voltage.  Fig.  8  shows 
the  discharge  circuit  for  this  lower  voltage 
Marx  generator. 

All  four  of  the  simulator  generators  had 
the  same  electrical  design  parameters  for  the 
first  year  of  operation,  which  included  the 
periods  during  which  both  of  the  Navy  airplanes 
were  tested.  Greeted,  series,  output  capaci¬ 
tance  for  each  of  the  generators  was  88  nF. 
The  highest  level  peak  currents  ware  applied  to 
the  aircraft  by  combining  ths  outputs  from 
parallel  impulse  generators  into  a  single 
pulse.  Two  of  the  Marx  generators  have  since 
been  rebuilt  to  furnish  more  energy  from  the 
same  sise  units.  Baplacamant  of  the  capacitors 
provided  an  output  capacitance  of  about  165  nF. 
One  high-C  Marx  can  now  supply  about  the  same 


output  as  two  of  the  original  generators. 
Low-level  tests  can  still  be  furnished  by  using 
ths  two  generators  that  retained  their  original 
capacitors. 

CROWBAB  SWITCH  AMD  ITS  TRIGGER  -  The 
performance  of  the  simulator  is  very  dependent 
upon  the  crowbar  switch  and  Its  operating 
characteristics.  It  must  reliably  hold  off  the 
full-output  voltage  of  the  erected  Marx,  but 
almost  immediately  thereafter,  it  must  be  capa¬ 
ble  of  being  triggered  near  the  time  that  the 
voltage  across  it  passes  through  sero.  It  must 
pass  vary  high  currents  that  are  even  higher 
than  that  through  the  load.  Crowbar  switch 
current,  as  shown  later,  is  the  composite  of 
load  current  and  any  Marx  generator  current 
oscillation  that  occurs.  The  switch  electrodes 
must  survive  the  high  current  and  charge 
through  it  for  some  reasonable  number  of  dis¬ 
charges. 

The  switch  used  with  the  lightning  simula¬ 
tor  facility  was  also  adapted  from  PBFA- I  and 
related  pulsed-power  technology.  The  PBFA 
switch  is  a  3 -MV,  gas-dielectric,  triggerad- 
spark-gap  trigntron  used  for  pulse  forming. 
Electrical  triggering  with  the  switch  dielec¬ 
tric  gas  composed  entirely  of  sulphur  hexafluo¬ 
ride  is  used  in  PBFA  and  most  of  the  other 
pulsed-power  applications  of  tho  switch.  It  is 
a  larger  version  of  an  earlier  (1972)  3-MV, 
SNLA-daveloped  trigs tron  described  by  Tucker. 
(16)  Thirty-six  separate  switches,  aach  hold¬ 
ing  off  2.5  MV,  are  simultaneously  triggered 
within  about  10  ns  in  the  PBF  accelerator  to 
dump  36  separate  water-dielectric  capacitors. 
These  same  switches  do  not  have  striugent 
timing  requirements,  as  used  in  the  lightning 
simulator,  but  they  must  be  capebls  of  being 
triggered  at  low  voltage. 

Crowbar  twitching  right  at  peak  current  ia 
difficult  bacauaa  switch  voltage  at  that  time 
ia  very  near  zero.  Crowbar  switching  within 
±30*  (or  within  (*/6)/LC)  of  psak  current  Ip, 
still  provides  0.866  Ip.  For  an  undampsd  LC 
oscillation,  voltage  at  60*  or  120°  la  0.5  of 
the  Initial  voltage.  The  problem  then  becomes 
one  of  triggering  the  crowbar  ewitch  at  instan¬ 
taneous  main-electrode  voltages  that  do  not 
exceed  50X  of  tho  initial  peak  voltage.  The 
minimum  main-gap  voltage  at  which  a  specified 
trigger  mechanism  will  ensure  reliable  opera¬ 
tion  has  for  many  years  been  called  cutoff 
voltage.  Cutoff  voltage  differs  for  different 
trigger  mechanisms  and  alao  is  dependent  upon 
other  dynamic  conditions  related  to  use  of  the 
gap.  Low  ratios  of  cutoff  voltage  to  holdoff 
voltage  (or  to  operating  voltaga)  allow  genera¬ 
tion  of  better  pulses  from  the  simulator.  Good 
pulses  can  be  provided  when  crowbar  switching 
occurs  either  bofore  or  after  peak  currant. 
Switching  after  peek  hae  been  used  for  much  of 
the  development  testing.  Switching  before  peak 
has  bsan  investigated  more  recently,  and  it 
bettor  satisfies  some  requirements. 

Elsctrical  triggering  and  SFg  gas  were 
used  with  the  unmodified  trigatron  during  early 
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developmental  operation  of  tha  simulator,  and 
good  output  pulss  raaulta  war  a  obtainad.  It 
avltchad  naar  pa  ale  currant  and  pa  ml  t  tad  full 
100-kV  charging  of  tha  capacltora  and  opan- 
clrcuit  aractlon  voltages  naar  1.6  MV.  When 
problams  ware  encountered  with  the  electrical- 
trigger  pulaa  generator,  other  crowbar  trigger¬ 
ing  approachaa  of  intaraat  wara  explored. 

Infrared  (IR)  laser  triggering  has  bean 
used  for  much  of  tha  development  tasting  during 
tha  past  year.  Tha  trigatron  conf l^uration  waa 
nodi fled  by  removing  tha  trigger  pin  and  shap¬ 
ing  tha  hole  though  tha  main  alactroda  to  allow 
focus  of  tha  laser  beam  within  tha  main  gap. 
The  modified  laser  triggered  switch  has  bean 
used  with  lower  dielectric  strength  gas  compo¬ 
sitions  containing  SOX  nitrogen,  40%  argon,  and 
10%  SF6,  Many  teats  have  been  made  with  the  IR 
lasar  triggering,  and  it  haa  baan  moderately 
successful.  Good  triggering  is  obtainad  using 
tha  mixed  gas,  but  the  gas  dielectric  strength 
is  much  lower  than  it  is  for  pura  SF«, .  Evan 
with  increased  gaa  pressure,  maximum  holdoff 
voltage  is  reduced.  Marx  output  and  charging 
voltagea  have  bean  limited  to  about  SOX  to 
avoid  exceeding  pressure  limitations  of  tha 
spark-gap  housing.  Tha  lowerad  voltage  raducaa 
maximum  atorad  anargy  in  tha  Impulse  generators 
to  about  64X  of  rated  anargy. 

Work  with  ultraviolet  (UV)  laser  trigger¬ 
ing  la  in  prograas.  This  will  permit  use  of 
100X  8F<,  in  tha  crowbar  switch  ao  that  full- 
rated,  100-kV  charge  voltage  can  be  used.  Tha 
UV  lasar  trigger  le  expected  to  provide  very 
good  performance  and  will  probably  ba  used  with 
both  simulator  tanka.  Aa  time  permits,  any 
other  triggering  methods,  such  as  electrical 
triggering,  that  appear  to  offer  lower  operat¬ 
ing  complexity,  lower  coat,  or  improved  relia¬ 
bility  may  alao  ba  investigated. 

A  new  oil  tank  for  developmental  tasting 
with  an  additional  Marx  geusrator  is  located 
naar  tha  two  main  simulator  tanka.  It  is 
expected  to  b«  operational  Soon,  which  will 
then  allow  crowbar  and  triggering  studies  and 
other  devalopmant  activities  to  proceed  in 
parallel  with  scheduled  simulation  taats. 
Crowbar  switch  and  triggering  development  that 
leads  to  an  improved  cutoff-to-holdoff  ratio 
ahould  hava  a  good  payoff  in  terms  of  increased 
system  versatility  and  raliability.  Sines  tha 
Marx  genaratora  are  connactad  to  provide  only 
one-half  of  their  normal  dasiga  voltage,  crow¬ 
bar  switch  operational  characteristics  remain 
aa  ona  of  tha  main  temporary  constraints  to 
operating  tha  simulator  at  highar  voltages. 

FAST-RISING,  HIGH-CURRENT ,  WISE  PULSE  - 
Tha  simulator  haa  tha  capability  of  providing 
very  fast-rising,  very  high-amplitude,  long- 
duration  currant  waveforms.  Waveforms  of 
currant  and  action  (/i2dt)  are  shown  in  Fig.  9 
for  a  1-  by  380-ga  vary  high-amplitude  pulse 
delivered  into  a  low-impadance  load  during 
davalopment  teat  asries  conductad  with  tha 
simulator  in  tha  spring  of  1982.  Crowbar  waa 
above  200  kA  and  tha  200-kA  pulaa  lavel  was 


sustained  for  over  20  l*s  with  a  slow  dacay  to 
half  valua  of  naarly  400  (is.  This  pulaa 
achievad  an  action  integral  of  1.1  x  10'  (A2 ‘a) 
and  daliverad  a  unidirectional  charge  of 
greater  than  300  C.  This  pulaa  would  ba  too 
severe  for  moat  test  items,  but  it  illustrates 
possible  capabilities  of  the  simulator.  Since 
thla  teat  aariea  was  made,  two  of  the  Impulse 
ganaratora  era  being  converted  to  even  highar 
anargy  unita. 

Both  inductance  and  raaiatance  are  added 
to  tha  teat  circuit  for  moat  taste.  Inductance 
is  usually  added  to  alow  down  the  currant  rlaa 
and  provide  a  time-to-currant  peak  of  about 
2  ua.  Added  resistance  can  ba  uaad  to  spaed  up 
the  decay  and  shorten  the  tail  of  tha  waveform 
to  about  SO  us  at  half  amplitude.  Usually  any 
spacial  pulat-ahaping  componants  that  nead  to 
ba  addad  to  tha  circuit  are  located  within  tha 
simulator  tanka  below  tha  oil  fill  level.  This 
provides  thsm  with  adequate  high-voltage  oil 
insulation  and  pravents  voltage  flaehovere  that 
might  othsrwiaa  occur  in  air. 

LOW-CURRENT  TESTS  -  A  broad  range  of 
output  current  waveforms  le  made  possible  by 
the  arrangement  of  the  simulator.  Lower  cur¬ 
rent  pulses  ere  provided  by  selecting  only  one 
impulse  generator  and  lovsring  ita  charge 
voltage  to  about  half  of  rated  value.  Currants 
down  to  about  50  kA  paak  can  ba  provided  with¬ 
out  aignif leant  changes  in  circuit  componants. 
Evan  lower  peak  currant  was  desired  for  the 
early  portion  of  both  airplane  teat  earlea. 
Current  wavafrrms  with  peaks  of  10  to  15  kA 
were  provided  by  shunting  tha  inductance  of  tha 
teat  load  with  an  even  lower  inductance  added 
to  tha  circuit  and  locatad  within  tha  simulator 
tank.  A  schematic  of  this  arrangement  with  tha 
F-14  Tomcat  is  shown  in  Fig.  10.  A  bypass 
inductor  (L„)  with  an  inductance  valua  about 
one-fourth  that  of  tha  dounetream  load  shunted 
about  threa-fourtha  of  tha  simulator  currant  to 
ground.  Tha  rasmlning  fourth  of  tha  output 
currant  provided  tha  desired  low-currant  pulaa. 

WIDE  RANGE  OF  CURRENT  PULSES  -  As  a  part 
of  the  taats  with  tha  F-14A  and  tha  F/A-18  Navy 
aircraft,  different  currant  levels  were  da- 
aired.  Initial  testa  ware  commancad  at  rela¬ 
tively  low  currants  of  10  to  15  kA  peak.  The 
taat  levels  wara  increaesd  ms  confidence  in  the 
instrumentation  and  recorded  raaulta  was 
acquired.  This  ia  a  fairly  common  aequance  of 
iwenta  for  most  teat  itama.  Tha  relatively 
high  inductances  of  tha  airplanaa  and  thair 
return  circuits  constituted  highar  than  normal 
load  lmpedancaa  for  tha  simulator.  Evan  ao, 
tha  tests  want  quite  wall. (11) 

The  two  example  simulator,  pulses  shown  in 
Fig.  11  wars  recorded  during  the  F/A-18  taat 
aariea.  Tha  simulated  lightning  pulse  waa 
injected  nosa-to-wiug  in  both  of  these  tests. 
Tha  a  a  particular  taats  did  not  uaa  long-spark 
gaps  to  compltt#  tha  tsat  circuit  to  tha  air¬ 
craft.  Noae-to-tsil  injactlon  was  also  usad  in 
many  of  tha  tasta.  Long-spark  sir  gaps  wara 
uaad  to  completa  tha  taat  connections  for  a 
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portion  of  both  the  nose-tail  and  nosa-wing 
teats.  These  vara  called  K-flald  taata,  and 
they  allovad  tha  field  on  tha  aurfaca  of  tha 
aircraft  to  build  up  until  breakdown  of  tha 
long-apark  gap  occurred.  Charging  of  tha 
oil-transmission' "line  plua  tha  aircraft  ltaelf 
acted  somewhat  aa  a  peaking  capacitor.  Start 
of  initial  currant  waa  delayed  until  apark- 
channal  breakdown,  and  than  currant  roaa  vary 
rapidly  during  tha  dlacharge  of  tha  locally 
atorad  dielectric  energy.  During  E-fiald 
taata,  local  currants  ganaratad  at  tha  aircraft 
would  not  paaa  through  tha  simulator  injected 
currant  Monitors  and  would  not  be  racordad. 
Since  tha  two  waveforma  in  Fig.  11  era  not 
K-fl.ald~type  taata,  tha  early  portions  of  tha 
currant  rise  are  smoother .  Those  sample  wave¬ 
forms  into  tha  F/18A  show  that  a  10-to-l  range 
in  peak  currant  la  available  for  a  given  test 
load  circuit  configuration. 

LONC-Sl’AHK,  U10U-CUKRKNT  TESTING  -  When 
long-eperk  gaps  in  free  air  are  used  to  eatab- 
lish  connections  to  tha  test  load,  such  as  in 
tha  previously  described  airplana  taata,  por¬ 
tions  cf  tha  circuit  are  subjected  to  vary  high 
voltages.  Production  of  open-load-circuit 
voltages  sufficient  to  break  down  tha  gaps 
requires  that  comparable  high  voltages  also  be 
present  in  tha  simulator.  Some  simulators, 
particularly  those  used  primarily  for  generat¬ 
ing  controlled  specified  voltage  waveforms, 
have  sufficient  voltage  but  are  not  designed  to 
also  deliver  high  current.  Partly  for  this 
reason,  combination  of  long  sparks  and  high 
current  into  a  single  teat  has  not  been  con¬ 
sidered  practical  at  eome  othar  facilities. 

Thia  simulator  emphasises  ths  value  of 
uelug  high  voltage  aud  low  lnductanca,  but  tha 
greater  emphasis  is  put  on  high  voltage.  This 
makes  it  quite  practical  to  combine  long  sparka 
and  high  current  into  tha  aama  tast. 

One  of  the  reeaons  atetad  for  long-spark 
taats  is  to  furnish  high-voltage  ohock- 
sxcitation  or  fast  E-field  changes  at  tha  test 
system.  Long  150-  to  300--mm  air  gaps  wars  used 
for  some  of  ths  tsats  with  both  Navy  airplanes. 
This  was  intended  to  allow  charglug  of  tha 
aircraft  and  than  to  furnish  a  subsequent  high 
dV/dt  when  tha  detach  arc  commenced.  This 
quite  likely  did  occur  at  least  for  portions  of 
tha  airplana.  However,  for  aircraft  surfaces 
near  tha  simulator  terminal,  the  average  rsta- 
of-change  in  voltage  waa  graatar  both  in  dura¬ 
tion  and  in  value  during  voltage  rise  than 
during  voltage  fall. 

limpid,  large  drops  in  test-item  voltage 
occur  with  the  long  apark  if  subsequent  L  di/dt 
voltages  are  low  either  from  low  L,  or  from  low 
di/dt.  Whan  breakdown  currant  bagina  and  tha  L 
dl/dt  voltage  has  a  high  valua,  it  may  approach 
tha  voltage  that  waa  raqulrad  to  braak  down  tha 
long  apark  path.  In  that  caae,  tha  voltaga 
appearing  between  the  point  of  current  injec¬ 
tion  and  the  naaraat  point  of  tha  return  cir¬ 
cuit  may  not  ba  greatly  dlffarant  whether  or 
not  a  long  aarlaa  apark  path  waa  us  ad  in  tha 


downstream  circuit..  Whan  tha  long-apark  break¬ 
down  occurs,  terminal  voltage  cannot  fall  vary 
far  before  it  equals  tha  high  L  di/dt  voltaga 
of  tha  load  circuit. 

For  feat  pulses  and  high-inductance  loada, 
tha  riaing  voltaga  at  tha  start  of  tha  pulse 
reaches  a  vary  high  peak  value  with  or  without 
either  long  or  short  series  spark  gaps.  With 
spark  gapa,  all  or  a  portion  of  tha  voltage  la 
applied  to  tha  gap  until  it  breaks  down. 
However,  that  may  or  may  not  exceed  tha  aubse- 
quant  L  di/dt  voltage,  depending  on  gap  length. 

For  predominately  inductive  loads,  simula¬ 
tor  tests  in  the  100-kA  peek  currant  range  can 
produce  voltaga  riaaa  to  1  MV  in  100  to  200  na. 
This  corresponds  to  d.V/dt  rates-of-rlse  in 
voltaga  of  0.5  x  10“  to  1.0  x  10  .  Local 
maximum  valuas  of  availabla  instantaneous 
currant,  togathar  with  local  distributed  capac¬ 
itance,  control  the  maximum  possible  valua 
since  dV/dt  -  i/C.  Sometimes  this  also  can  ba 
treated  aa  a  caae  of  pulaa  reflection  at  tha 
junction  of  mismatched  transmission  lines. 

COMBINED  HIGH-VOLTAGE  AND  HICH-CUttHKNT 
TESTS  -  Discussion  in  previous  ssctlons  makss 
it  apparent  that  faat-rlaing,  high-current 
teats  have  much  high  voltaga  associated  with 
them.  Combined  high  voltaga  and  high  currant 
have  bean  provided  in  some  taats,  and  for  moat 
taat  items  up  to  several  microhenry*  such 
combinations  are  not  greatly  constrained  by 
simulator  limits. 

Thu  voltaga  waveform  shown  in  Fig.  12  la 
one  example  of  the  terminal  voltega  developed 
during  a  100-kA  peak  currant  nasa-to-wlng 
Injection  into  tha  F/A-1B.  Tha  voltaga  spike 
at  tha  front  reaulta  from  tha  oil-filled  trans¬ 
mission  line  being  terminated  in  a  predomi¬ 
nately  Inductive  load.  Moat  of  tha  oil-line 
extension  from  tha  simulator  to  tha  airplane 
haa  a  characteristic  Impedance  of  about  40 
ohms.  The  pules  applied  to  tha  transmission 
line  reflects  and  increases  whan  it  arrives  at 
tha  output  terminal.  This  explanation  is 
somewhat  oversimplified  because  there  are  othar 
distributed  circuit  parameters  also  involved  in 
tha  process.  The  waveform  shown  conaista 
basically  of  L  di/dt  voltaga  components.  Tha 
aharp  change  thst  occurs  a  little  more  than  3 
Ha  into  the  pulaa  is  related  to  crowbar  switch¬ 
ing. 

Tha  voltaga  waveforms  appearing  at  tha 
input  to  tha  airplane  during  high-currant 
E-fiald,  long-spark  taats  are  not  much  differ¬ 
ent  from  tha  voltaga  ohown  in  Fig.  12  for  a 
tast  without  tha  long-spark  gap.  Depending  on 
tha  spark  path  length,  tha  voltaga  In  a  long- 
spark  taat  may  go  somewhat  higher  and  laat  a 
little  longer  before  tha  drop  due  to  breakdown 
occurs,  but  the  fast  decrease  only  gooa  down  to 
tha  appropriate  L  di/dt  voltage  level  related 
to  tha  tast.  Consistent  reaulta  ware  obtained 
with  computer  circuit  analysis  simulttionu  of 
tha  circuit.  Whan  a  long-apark  tast  la  com¬ 
bined  with  a  low-curraut  (and/or  lov-di/dt) 
test,  then  the  aharp  voltage  change  related  to 
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gap  breakdown  can  be  large. 

The  voltage  waveform  shown  In  Fig.  12,  Is 
composed  of  the  sum  of  incremental  series 
voltage  drops  along  the  surface  of  the  airplane 
and  of  those  developed  along  the  return  conduc¬ 
tors.  For  a.  true  cylindrical  coaxial  return, 
almost  all  of  the  voltage  drop  would  be  associ¬ 
ated  with  the  length  and  the  per-unit-length 
inductance  only  of  the  central  conductor. 

Whatever  the  diameter  of  an  objoct  struck 
by  natural  lightning,  its  diameter  is  likely  to 
be  small  compared  to  the  effective  diameter  of 
the  natural  system  return  path.  Inductive 
voltage  drop  along  the  longth  of  a  solid  natal 
conductor  or  vehicle  surface  subjected  to  a 
di/dt  of  2  x  1011  can  be  on  the  order  of  200  to 
300  kV/m. 

Several  tests  were  made  with  the  F-18  in 
which  a  primary  objective  was  to  develop  volt¬ 
ages  sufficient  to  cause  sparkover  across  an 
insulating  surface.  The  simulator  was  set  up 
to  furnish  a  noucrowbarred  damped  oscillatory 
pulse  with  about  one-half  of  critical  damping 
resistance. 

The  first  test  developed  the  voltage 
waveform  shown  in  the  upper  part  of  Fig.  13. 
This  waveform  resulted  when  a  0.7-m-long  flash- 
over  occurred  between  the  output  terminal  and  a 
return  circuit  cable.  The  local  return  circuit 
spacing  was  increased  and  the  simulator  voltage 
was  lowered  to  produce  the  intended  test  load 
breakdown  in  the  naxt  shot.  The  voltage  wave¬ 
form  in  the  lower  half  of  the  figure  wes  re¬ 
corded  on  that  test.  Also,  some  adjustment  msy 
have  been  made  to  the  sparkover  length  of  test 
item  surface. 

Peak  currents  for  these  testa  are  shown  in 
Fig.  14  for  the  first  end  second  tests,  respec¬ 
tively.  Nearly  90  kA  was  delivered  in  the 
first  teat  with  most  if  not  si*  of  it  into  the 
return  circuit  flashover.  The  subsequent  55-kA 
pulse  wee  all  delivered  to  the  teat  aircraft. 
The  difference  in  circuit  inductance  between 
the  two  teats  is  evidenced  by  the  nesrly  1-ps 
difference  in  pulse  periods. 

The  simulator  system  described  hare  ties 
been  used  primarily  to  simulate  current  wave¬ 
forms.  The  majority  of  the  tests  have  baan 
with  low-impedance  loads,  or  at  laast  thay 
become  low  once  current  through  an  isolation 
gap  is  astablishad.  Load  inductances  are  often 
only  a  few  microhanrys.  MIL-STD-1757  and  other 
test  criteria  specifications  describe  both 
currant  waveforms  and  voltage  waveforms.  Very 
little  voltage  testing  has  been  dona  with  this 
simulator.  Major  circuit  components  needed  for 
voltage  simulation  may  ba  similar  to  that 
needed  for  currant  simulation.  There  appears 
to  ba  no  major  reason  why  this  simulator  system 
cannot  ba  also  used  for  soma  types  of  voltage 
simulation  if  the  need  for  it  becomes  more 
important  in  tha  future. 

COMPUTER  SIMULATION  OF  CIRCUIT  RESPONSE  - 
Understanding  and  predicting  what  is  going  on 
in  a  simulator  circuit  is  aided  by  simplified 
diagrams  of  tha  setup.  Good  rouah  estimates  of 


performance  can  be  obtained  by  papar-aod-pancil 
application  of  basic  -relationships.  However, 
the  teak  of  analysing  sod  predicting  circuit 
performance  becomes  large  when  there  are  many 
variations  of  interest  or  the  actual  circuit 
becomes  complex. 

Actual  clrcuita  may  have  a  number  of  atray 
or  second-order  elements  that  modify  or  affect 
performance.  Stray  capacities,  stray-induc¬ 
tances,  sections  of  changing  characteristic 
impedance  transmission  lines,  end  other  such 
factors  that  can  contribute  to  super imposed 
oscillations  may  be  present.  Deliberately 
added  shunt  or  damping  resistors  may  have  bean 
added  to  various  portions  of  tha  circuit  to 
eliminate  or  minimize  such  oscillations.  The 
number  of  circuit  parameter  combinations  can 
become  vary  large  whan  teat  loads  and  test 
lavals  or  conditions  are  varied.  Computer 
simulation  and  analysis  becomes  valuable  when 
simple  methods  become  unwieldy  or  ineffective 
in  treating  s  complete  representation  of  the 
circuit. 

Tha  Air  Force  SCEPTRK(17)(18)  program  ia 
one  of  several  transient  circuit  analysis  aide 
that  has  baan  used  frequently  et  SNLA.  It  has 
been  quite  valuable  for  simulating  many  circuit 
variations  related  to  use  of  the  lightning 
simulator.  SCEPTRE  la  a  general  transient 
snslyais  program  that  was  developed  about  13 
years  ego  by  X&M  on  contract  to  tha  Air  Force 
Was pons  Laboratory  (AFWL). 

An  example  current  waveform  computed  by 
SCEPTRE  for  selected  values  of  simulator  param¬ 
eters  is  shown  in  Fig.  13.  Crowbar  occurs  3.4 
pe  after  peak  current  in  this  waveform.  All 
other  waveforms  in  the  circuit  being  analysed 
can  ba  examined  with  plots  available  from 
SCKFTKE .  Such  examination  and  study  can  yield 
valuable  insight  sad  information  concerning 
simulator  operation. 

The  computed  voltage  waveform  in  the  lower 
portion  of  Fig.  13  is  that  appearing  across  a 
3-|iH  load  inductance  as  s  result  of  the  upper 
currant  waveform.  Tha  synthesized  simulator 
circuit  for  these  two  waveforms  included  dis¬ 
tributed  paraaoter  elements  representing  tha 
oil  lines  between  tanks  end  the  load  terminal 
etrey  capacitance  in  addition  to  other  physical 
elements  that  have  been  included  in  tha  simula¬ 
tor  tanks.  The  initial  spike  on  the  voltage 
waveform  ie  due  to  the  peeking  capacitor  effect 
of  the  unmatched  oil  transmission  line  and 
terminal  capacitance.  The  sharp  change  in 
voltage  at  crowbar  switch  time  occurring  at 
3.4  |is  is  like  that  of  measured  simulator 
records.  Undamped  ringing  similar  to  that 
appearing  on  the  voltage  waveform  also  appeared 
on  tha  currant  waveforms  prior  to  the  addition 
of  minor  circuit  elements.  Such  parasitic 
element  oscillations  have  been  reduced  on 
output  current  waveforms  by  adding  damping 
elements  et  various  locations  in  the  circuit. 
Sosm  ringing  still  shows  up  on  soots  of  the  more 
sensitive  L  di/dt  waveforms.  Even  though 
natural  lightning  current  has  much  unpredict- 


able  noise  on  it,  clean  current  pulses  are 
often  preferred  for  simulation  purposes  because 
the  responses  of  the  systeii-under-test  can  be 
more  easily  interpreted. 

A  composite  of  three  computed  simulator 
current  waveforms  is  shown  in  Fig.  16.  The 
upper '  solid  trace,  L,  is  load  current.  The 
middle  trace,  X„,  iaLMarx  current,  which  con¬ 
tinues  to  oscillate  from  energy  trapped  in 
inductance  and  capacitance  of  the  Marx/crowbar 
shorted  loop.  Crowbar  current,  I.,  ia  then  the 
combination  of  load  current  and  tne  oscillating 
Marx  current.  Load  current  and  Marx  current  do 
not  exactly  coincide  before  crowbar  time  be¬ 
cause  a  physical  resistor  has  been  placed  in 
the  real  circuit  across  the  crowbar  switch  to 
help  damp-out  noise  appearing  on  the  Marx 
terminal  voltage  that  is  applied  to  the  crowbar 
switch. 

The  large  oscillation  of  Marx  current 
after  crowbar  can  also  be  damped  out  with 
minimal  reduction  of  Initial  peak  currant  by 
additional  aeries  resistance  placed  in  the  Marx 
portion  of  the  crowbar  loop.  This  is  shown  in 
the  lower  portion  of  Fig.  16  for  the  same 
circuit  parameters  and  the  same  voltage  with 
only  two  changes*  Crowbar  timing  was  moved  to 
an  earlier  time  at  1.5  pa  so  that  it  occurred 
on  the  front  side  of  pdak  current.  Also,  an 
additional  series  resistance  was  added  on  the 


Marx  generator  aide  of  the  crowbar  switch.  The 
added  resistance  rapidly  damps  out  the  oscilla¬ 
tion  in  the  low  surge  impedance,  (/L/C),  Marx/ 
crowbar  loop  because  it  ia  a  large  fraction  of 
critical  damping  resistance  in  that  loop.  The 
added  1  ohm  has  little  affect  on  load  peak  cur¬ 
rent  because  in  the  load  circuit  loop,  it  is  a 
small  fraction  of  critical  damping  resistance, 
Rc  -  2 /EC. 


SIMULATION  CIRCUIT  CONSIDERATION 

This  section  discusses  some  elementary 
considerations  related  to  simulation  and  natu¬ 
ral  lightning  circuit  parameters  such  as  resis¬ 
tance,  inductance,  action,  energy,  etc.  It  is 
not  intended  to  be  comprehensive.  Clifford, 
Crouch,  end  Schulte(19)  review  much  additional 
information  on  lightning  simulation  and 
testing. 

HIGH  RATE  OF  RISE  IN  CURRENT  -  Many  natu¬ 
ral  lightning  events  have  very  faat-rising 
currents  even  though  inductance  of  an  estab- 
liahed  channel  cau  be  very  high.  Current 
pulses  with  di/dt  values  of  1  or  2  x  1011  A/s 
have  been  specified  for  some  simulation  test¬ 
ing.  Clifford,  Krlder,  end  Uman(20)  propose 
that  oven  faster  rising  simulator  pulses  be 
considered  for  come  studies. 

Achieving  high  rates  of  rise  in  current 
from  a  lightning  simulator  can  becoma  a  diffi¬ 
cult  development  task  uuless  the  means  for 
providing  a  high  V/L  ratio  is  available. 
Obviously,  two  ways  are  possible:  the  induc¬ 
tance  must  be  kept  low  or  the  voltage  mads  very 
high.  Making  inductance  as  low  as  practical 


appears  desirable,  but  with  a  crowbarrad  Marx 
generator  simulator,  increasing  the  driving 
voltage  (or  maximum  erection  voltage  of  impulse 
generator)  is  a  better  way  of  achieving  tha 
requisite  high  V/L  ratios,  providing  that  a 
suitable  crowbar  switch  is  available.  Load/ 
source  interaction  is  reduced  and  the  simulator 
becomes  more  versatile  because  it  can  furnish 
the  required  pulses  for  a  greater  variety  of 
test  item  characteristics.  If  total  loop 
Inductance  is  made  too  low,  the  maximum  permis¬ 
sible  load  circuit  resistance  must  also  be  low 
if  a  long  L/R  decay  time  on  the  fail  of  the 
waveform  is  needed. 

If  the  inductance  of  the  impulse  generator 
is  permitted  to  constitute  a  significant  frac¬ 
tion  of  the  total  inductance  then  a  propor¬ 
tional  fraction  of  Li2/2  magnetic  energy  is 
trapped  in  tha  Marx/ crowbar  circuit  loop.  The 
trapped  energy  ia  unavailable  to  tha  load  and 
oscillates  back  and  forth  between  inductance 
and  capacitance  of  the  Marx/crowbar  loop.  The 
SNLA  pulsed-powar  Marx,  as  modified  for  this 
simulator,  haa  a  very  low  value  of  source 
inductance,  so  this  is  not  generally  a  problem. 
Each  1.6-MV  impulse  generator  has  a  aourca 
inductance  of  about  1  pH. 

The  underdampad  RLC  circuit  clamped  or 
crowbarrad  near  peak  furniahas  an  energy- 
efficient  way  to  furnish  tha  needed  high  V/L 
ratio.  With  a  1.6-MV  full  erection  voltagn, 
di/dt  of  2  x  10u  is  attainable  with  a  total 
loop  indue tanca  up  to  8  pH. 

HIGHER  RESISTANCE  LOADS  -  The  probability 
of  whether  or  not  any  particular  natural  light¬ 
ning  event  will  be  high  currant  or  low  current 
is  relatively  independent  of  the  alactrical 
impedance  of  any  small-dimension  object  (air¬ 
plane,  building,  true,  etc.)  that  may  be 
encountered  in  the  path.  A  glveu  high-current 
natural  lightning  event  (with  its  low  probabil¬ 
ity  of  occurring  at  all)  could  well  encounter 
either  a  low-impedance  or  a  high-impedance 
object  in  its  path. 

Tremandous  local  energy  deposition  and 
damaga  might  occur  with  a  high-resistance 
objuct  such  as  s  tree;  whereas,  an  event  with 
similar  electrical  charactaristics  may  have 
only  alight  effect  on  a  heavy,  low-resistance, 
copper  grounding  conductor.  The  tree  or  a 
moderate  resistance  object  may  shatter  or 
disassemble  with  axploeive  violence  as  a  result 
of  the  natural  lightning  stroke.  Thermal 
damage  in  a  good  conductor  would  result  if  tha 
stroke  action  intagral  excaadad  the  melting 
action  value  or  the  vaporization  action  value 
related  to  its  cross  section. 

The  greater  energy  depoeltion  in  high- 
resistance  materials  as  compared  to  metals  was 
described  by  Plumer  end  Robb(21).  They  indi¬ 
cate  an  energy  depoeltion  in  graphite  composite 
2,000  timae  greater  than  in  aluminum  in  accor¬ 
dance  with  their  relative  resistance  values. 

Fortunately,  teet  loads  of  interest  for 
this  simulator  have  had  a  low  reslstanca.  They 
generally  hava  baen  all  matal.  Evan  with  tha 


airplane*  and  series  spark  gaps,  the  total  load 
circuit  resistance  has  been  low.  Greater 
Stpred  energy  and  higher  load  circuit  induc¬ 
tance,  would  be  required  if  it  became  necessary 
for  a  simulator  to  deliver  200  kA  with  a  half¬ 
amplitude  puls*  width  of  SO  ps  into  a  signifi¬ 
cantly  greater  load  circuit  resistance. 

Load  circuit  loop  inductance  must  ba  made 
higher  for  high  values  of  load  resistance  if 
pulse  width  Is  to  be  maintained.  Over  70  pH  of 
inductance  would  be  required  for  a  total  load 
circuit  loop  inductance  of  only  1  ohm.  Mag¬ 
netic  energy  stored  in  70  pH  of  circuit  induc¬ 
tance  at  200  kA  would  be  1.4  MJ .  This  energy 
would  have  to  be  initially  supplied  from  energy 
atored  in  the  impulse  generators.  Evan  with 
the  high-efficiency  crowbarred  Marx  system, 
this  rsquires  more  stored  energy  than  is  pre¬ 
sently  available  with  this  simulator. 

this  may  be  an  appropriate  place  to  note 
the  obvious.  When  1.4  MJ  of  magnetic  energy 
stored  in  load  circuit  inductauca  is  released 
to  a  total  load  circuit  resistance  of  1  ohm, 
the  resultant  action  is  1.4  x  10b  Aa»e.  If 
both  the  desired  pula*  actlou  integral  and 
effective  load  resistance  are  known,  their 
product  yields  a  quick  estimate  of  the  minimum 
Li2/2  magnetic  stored  energy  required  of  a 
simulator. 

LOAD  SCALING  AND  SIMULATOR  TYPES  -  Man- 
■  made  objects  or  systems  that  may  encounter 
lightning  are  generally  dimensionally  small 
compared  to  the  dimensions  of  a  system  produc¬ 
ing  natural  lightning.  The  small  relative  sise 
of  the  system  struck  prevents  its  resistance  or 
inductance  from  having  any  significant  effect 
on  the  action  Integral  or  other  pulse  param¬ 
eters  of  the  natural  stroke  main  current  path. 

The  dimensions  of  a  natural  lightning 
system  can  be  extremely  large.  As  a  part  of 
lightning  studies  being  made  in  connection  with 
the  NAHA  Shuttle  program,  B.  Vonnegut(22) ,  with 
the  State  University  of  New  York,  has  obtained 
.  photographic  records  of  lightning  with  horison- 
tal  dimensions  of  60  km  or  more.  This  was  from 
a  not  particularly  larga  winter  storm  over 
Brasil  in  June  or  July  of  1902.  NASA  astro¬ 
nauts  have  visually  observed  single  lightning 
ovente  apparently  spreading  over  several  hun¬ 
dred  kilometers. 

Natural  lightning  ia  a  "stiff"  high- 
current  source  that  ia  little  effected  by  the 
impedance  of  aome  local  object  intercepted  by 
it.  This  1*  e  result  of  natural  lightning 
having  extremely  high  driving  voltages  and  vary 
high  circuit  loductencea.  Inductances  of  the 
cloud- to-ground  portion  of  the  current  path  may 
range  from  about  0.5  to  5  pH.  Capacitances 
related  to  a  single  return  stroke  portion  of 
the  wave  may  be  on  the  order  of  10,000  u¥. 

Very  larga  quantities  of  energy  ere  stored 
in  a  natural  lightning  stroke,  at  peak  current, 
in  the  fora  of  Lia/2  magnetic  energy.  One 
hundred  MJ  of  magnetic  energy  would  ba  stored 
iu  s  5-pH  channel  (on  the  order  of  1  km  long) 


of  e  severe  stroke  having  a  peak  current  of  200 
kA. 

Total  circuit  electrical  paramatera  of  a 
lightning  simulator  may  be  significantly 
changed  by  e  high- impedance  load  or  teat  item. 
For  e  lightning  simulator  to  be  quite  iueansi- 
tlve  to  load  or  teat  Item  impedance  or  resis¬ 
tance  requires  e  "stiff"  source  having  high 
voltage  and  the  capability  of  driving  high 
current  through  a  high  total  circuit  iuduc- 
tanca.  Such  a  system  would  provide  good  cur¬ 
rent  waveform  regulation  and  hava  charge  end 
actlou  Integrals  that  were  relatively  inde¬ 
pendent  of  successively  varied  test  item 
parameters. 

A  simulator  circuit  with  a  stiff  source  or 
a  high  (V) (L)  product  becomes  increasingly 
important  whan  high  values  of  test  object 
impedance  ere  considered.  However,  practical 
laboratory  phyaicel  constraints  preclude  simu¬ 
lating  more  then  e  tiny  fraction  of  the  high 
(V)(L)  product  of  natural  lightning.  That  is 
partly  why  different  kiude  of  simulators  have 
bean  uaed  to  simulate  different  aspects  of 
natural  lightning. 

Low-voltage,  low-impedance  simulators  can 
b*  used  to  produce  high  current  into  metal  or 
naar-ehort-clrcuit  teat  itoma.  Even  at  high 
curraut,  little  energy  ie  deposited  in  the  teat 
item  eo  the  high  current  can  be  produced 
through  it  with  modest  or  low  driving  voltages. 
Malting  and  vaporisation  can  not  be  adequately 
studied,  however,  because  of  the  rapid  in¬ 
creases  in  resistance  that  occur. 

High-voltage,  low-current  (low-energy) 
simulators  can  be  uead  to  evaluate  breakdown 
characteristics  of  insulators  or  high- 
rasistsnes  tast  items  if  energy  dissipation 
occurring  during  tha  tranaition  period  that 
ocuura  at  breakdown  can  be  Ignored.  If  the 
breakdown  is  likely  to  occur  around  tha  item 
through  a  medium  such  as  air,  this  may  still  ba 
a  fair  tast.  Combinations  such  *a  these  may 
allow  many  kinde  of  things  to  be  tested  without 
the  need  for  high-energy  simulators. 

The  requirements  on  a  simulator  ar*  much 
mors  demanding  if  it  is  to  ba  used  for  produc¬ 
ing  high  currents  through  high-resistance 
and/or  high-inductance  test  items.  If  the  tast 
itam  can  be  either  low  impedance,  high  impe¬ 
dance,  or  anything  in  between,  theu  the  simu¬ 
lator  system  must  b*  much  more  versatile. 
Circuit-driving  voltage  usually  must  then 
exceed  the  maximum  voltage  drop  to  be  developed 
across  the  load  end  high  energy  must  b*  avail¬ 
able  to  the  load. 

Total  circuit  inductance  is  often  the  most 
Important  controlling  consideration  iu  oimula- 
tor  aelaction  If  a  very  high  rate  of  rise  of 
currant  and  a  high-peek  current  value  ere  both 
required.  Once  it  is  established,  almost  all 
otbar  circuit  parameters  sr*  constrained. 

Impulse  generators  using  the  voltags- 
uultiplying  Marx  circuit  furnish  a  good  way  of 
impedance,  matching  the  generator  to  the  load. 
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Clamping  tha  capacitor  near  peak  currant 
chang as .  tha  circuit  into  a  magnetic  energy 
source  that  la  similar  to  tha  natural  lightning 
circuit*  Large  valuas  of  charga  and  action 
are  available  from  tha  slow  L/R  decay  of  the 
currant . 

Thera  are  more  than  enough  potential  test 
items  having  relatively  low  inductance  and 
rasiatance  to  keep  this  facility  buay  for  soma 
time.  However,  if  it  became  particularly 
Important  to  teat  some  higher  impedance  loads, 
it  appears  that  interesting  levels  of  simula¬ 
tion  could  be  obtained.  The  210-kJ  generators 
might  be  reconnected  in  their  normal  3.2-HV 
configuration  and  then  both  placed  in  parallel 
to  provida  a  3.2-HV,  B3-nF  source.  The  result¬ 
ing  420  kJ  arrangement  could  produce  a  single- 
pulse  peak  current  near  200  kA  with  currant 
rate  of  risa  of  2  x  1011  into  a  total  circuit 
load  of  16  pH.  This  would  ba  practical  only  if 
output-pulse-related  voltage  insulation  end 
crowbar  holdoff  voltage  were  adequately  high. 

SUMMARY  AMD  CONCLUSIONS 

A  variety  of  different  tests  with  the  SNLA 
developmental  lightning  simulator  has  demon¬ 
strated  that  practically  all  of  tha  important 
characteristics  of  natural  lightning  can  be 
simulated  during  full-scale  system  tests.  Reek 
current,  current  rate-of -change,  charga,  ac¬ 
tion,  continuing  current  and  high-voltage 
values  related  to  severe  lightning  can  be  fur¬ 
nished  with  praeant  technology.  Using  multi¬ 
ple,  separate,  Marx-circuit  Impulse  ganaratora 
crowburrad  near  peak  currant  provides  an  ener¬ 
gy-efficient  lightning  simulator  with  the 
needed  charucterlatlce.  Current  retee  of  rlee 
of  2  x  10u  A/s,  pssk  currents  of  200  kA, 
action  integrals  up  to  10/  amp^*s,  charge  of 
B0  C,  along  with  double  puleea  and  continuing 
current,  heve  been  produced.  The  modular 
natura  of  the  eimuletor  has  produced  e  versa¬ 
tile  capability  with  a  wide  range  of  aelectable 
output  characteristics.  Although  it  is  still 
in  dsvslopmsnt,  it  alrsady  has  been  valuabla 
both  for  tasting  full-slxe  airplansa  and  physi¬ 
cally  auallsr  systems. 
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SECONDS 


Fig.  1  -  A  very  severe  lightning  stroke  ideal¬ 
ised  representation.  Initial  return  stroke 
component  A;  intermediate  current  component  B; 
continuing  current  component  C 


Fig.  2  -  Double-pulse  simulated  lightning 
current  waveform  applied  to  full-slse  Navy  jet 
airplane 


Fig.  3  -  Simplified  block  diagram  of  one 
arrangement  of  lightning  simulation  system 
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Fig.  4  -  North  and  south  oil-filled  sinulator 
tanks  connected  to  test  load  and  its  return 
circuit 


Fig.  6  -  Typical  SNLA  pulsed-power  Marx  inpulse 
generator  modified  for  lightning  simulator 


Fig.  7  -  Bipolar  Kara  surge  generator  simpli¬ 
fied  charging  diagran 
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Fig.  8  -  Discharge  path  diagram  of  impulse 
generator  modified  for  lotvut  l.o-MV  output 
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Fig.  9  -  Very  high  200-kA  current  sad  1.1  x  10 
A  *b  delivered  into  low -inductance  test  load 
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Fig.  11  -  Lou-current  and  high -current  nose-to 
wing  pulses  into  F/A-18  aircraft 
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Fig.  13  -  High-voltage  pulses  developed  at 
full-scale  aircraft 
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Pig.  14  -  Nonet owbaired  current  pulses  cor  re' 
■ponding  to  voltage  pulses  shown  in  Fig.  13 
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Fig.  15  -  SCEPTRE-coaputed  voltage  cmd  current 
for  one  elauletor  end  load  combination 
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LIGHTNING  INTERACTION  WITH  USAF  AIRCRAFT 


John  C.  Corbin,  FhD 

Aeronautical  Systems  Division,  Wrlght-Pattsrson  AFB,  Ohio 


ABSTRACT  \ 

This  paper  categorizes  and  analyzes  data  from  877  USAF  aircraft  lightning- 
related  mishap  reports  Involving  56  aircraft  types  over  a  13-year  period 
(1970-1982).  Aircraft  are  grouped  into  six  general  classes:  Attack,  bomber, 
cargo,  fighter,  trainer,  and  helicopter.  Data  are  tabulated  under  two  major 
headings:  Operational  conditions  at  the  time  of  the  lightning  strike,  and 
the  effects  of  the  strike.  Operational  conditions  include  aircraft  attitude, 
aircraft  altitude,  outside  air  temperature,  aircraft  location  (with  respect 
to  clouds),  precipitation /turbulence,  and  electrical  activity  prior  to  the 
strike.  Effects  of  the  strike  include  attachment  point,  interference /outage, 
effect  on  mieslon,  effect  on  personnel,  structural  damage,  electrical /electronic 
damage,  and  repair /replacement  costs.  Interference /outage  in  the  form  of  an 
abnormal  condltlai  observed  following  a  strike  was  experienced  in  20  percent 
of  the  reported  lightning  incidents.  Aircraft  mission  was  affected  in  37  per¬ 
cent  of  the  reported  incidents,  but  in  moet  caeee  where  lightning  cauaed  a 
precautionary  abort  aubeequent  ground  inspection  of  the  aircraft  revealed 
only  minor  structural  damage.  Structural  damage  waa  experienced  in  78  per¬ 
cent  of  the  reported  lncidenta.  Electricel/electronic  damage  waa  suatalned 
in  8  percent  of  the  reported  incidents. 
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A  TEN-YEAR  HISTORY  of  USAF  lightning  mishaps  was 
published  several  years  ago  In  a  table  that  doc¬ 
umented  ]6g  separate  Incidents  Involving  aircraft 
'damage  (1)  .  The  table  listed  four  damage  cate¬ 
gories:  structure,  electrical/ Instruments,  fuel, 
and  other.  Three  mishap  categories  were  listed: 
minor,  major,  and  catas tropic.  Unfortunately, 
the  ten-year  period  over  which  the  Incidents 
occurred  was  not  stated. 

This  paper  categorizes  and  analyzes  data 
from  877  USAF  aircraft  lightning-related  mishap 
reports  over  a  thirteen-year  period  (1970-1982). 
The  reports  are  on  computer  file  at  the  Air 
Force  Inspection  and  Safety  Center,  Norton  A?#, 
California.  The  reports  stem  from  AF  Ttagu.wTi.on 
127-4  which  establishes  the  requirements  for  re¬ 
porting  USAF  mishaps  (2).  However,  the  regula¬ 
tion  does  not  explicitly  state  what  must  be  in¬ 
cluded  in  a  lightning  mishap  report.  As  a  re¬ 
sult,  the  reports  vary  widely  In  content  and  are 
often  remiss  In  reporting  useful  lightning-re¬ 
lated  Information. 

LIGHTNING  MISHAP  REPORTS 

Fifty-six  different  aircraft  types  (includ¬ 
ing  helicopters)  were  Involved  in  the  877  repor¬ 
ted  USAF  lightning-related  mishaps  over  the 
thirteen-year  period  (1970-1982) ,  In  soma  in¬ 
stances,  only  a  single  aircraft  of  a  r articular 
type  was  involved  in  a  lightning  incident  over 
this  period.  To  preclude  disclosure  of  infor¬ 
mation  relating  to  a  particular  aircraft,  the 
fifty-six  separate  aircraft  types  have  been 
grouped  into  six  general  classes:  attack,  bom¬ 
ber,  cargo,  fighter,  trainer,  and  helicopter. 

In  the  grouping,  the  FB-111  aircraft  is  classed 
as  a  fighter  and  the  E-4  as  a  cargo  aircraft. 

Table  1  lists  reported  USAF  lightning  mis¬ 
haps  by  aircraft  class  over  the  1970-1982  per¬ 
iod.  Mishap  data  for  1982  are  incomplete  since 
not  all  reports  are  yet  on  file  as  of  thin  writ¬ 
ing.  Each  aircraft  loss  is  denoted  by  an  aster¬ 
isk.  Cargo  aircraft  comprise  almost  lialf  of  the 
total  number  of  mishaps,  fighters  about  thirty 
percent,  and  bombers  and  trainers  about  ten  per¬ 
cent  each.  Attack  aircraft  and  helicopters 
total  about  two  percent. 

Table  2  lists  reported  USAF  lightning  mis¬ 
haps  by  year.  More  mishaps  occurred  in  the 
early  1970 ’a  than  in  later  years  because  the  in¬ 
creased  cost  of  fuel  resulted  in  fewer  flights 
and  flight  hours.  Table  0  lists  reported  USAF 
mishaps  by  month.  The  most  mishaps  occurred 
from  March  through  October;  the  least  occurred 
from  November  through  February .  Again,  an  ast¬ 
erisk  denotes  one  aircraft  loss. 

DATA  CATEGORIES 

In  analyzing  the  information  contained  in 
each  lightning  mishap  report , ' the  lightning 


*  Numbers  in  parentheses  designate  References 
at  the  end  of  the  paper. 


strike  incident  report  form  which  has  been  used 
by  U.S.  commercial  airlines  was  used  as  a  guide 
(3).  Two  major  categories  were  established  under 
which  data  could  be  recorded:  operational  condi¬ 
tions  at  the  time  of  the  strike,  and  the  effects 
of  the  strike. 

OPERATIONAL  CONDITIONS  -  This  category  was 
divided  into  six  subcategories:  aircraft  atti¬ 
tude,  aircraft  altitude,  outside  air  tempera¬ 
ture,  aircraft  location  (with  respect  to  clouds), 
precipitation/ turbulence,  and  electrical  activ¬ 
ity  prior  to  the  strike. 

Attitude  -  The  attitude  was  divided  into 
four  conditions:  climb,  level  flight,  descent, 
and  approach.  Over  ninety-six  percent  of  the 
reports  stated  the  attitude. 

Altitude  -  Tho  aircraft  altitude  was  div¬ 
ided  into  four  ranges:  less  than  5,000  feet, 
5,000  to  9,999  foet,  10,000  to  15,000  feet,  and 
greater  than  15,000  feet.  Seventy-five  percent 
of  the  reports  stated  the  altitude. 

Outside  Air  Temperature  -  The  outside  air 
temperature  was  divided  into  three  ranges:  less 
than  -5°C,  -5°C  to  45°C,  and  greater  than  +5°C. 
Only  fifteen  percent  of  the  reports  stated  the 
outside  air  temperature. 

Location  -  The  aircraft  location  with  res¬ 
pect  to  clouds  was  divided  into  four  categories: 
above  clouds,  within  clouds,  below  celling,  and 
between  clouds.  Only  forty-nine  percent  of  the 
reports  explicitly  stated  the  location  with  res¬ 
pect  to  clouds. 

Precipitation/Turbulence  -  Weather  that  the 
aircraft  was  experiencing  was  divided  into: 
rain,  hail/anow,  turbulence,  and  clear.  Only 
thirty-seven  percent  of  the  reports  e.rp1  citly 
stated  the  immediate  weather  at  the  time  of 
strike. 

Electrical  Activity  -  Electrical  activity 
appears  in  such  forms  as  static  buildup  on  \adio 
receivers  and  interphones,  Interference  on  scope 
displays,  or  visible  St.  Elmo's  fire.  Only 
seven  and  one-half  porcent  of  the  reports  ex¬ 
plicitly  referenced  electrical  activity  prior  to 
the  strike. 

EFFECTS  OF  THE  STRIKE  -  This  category  was 
divided  into  seven  subcategories:  attachment 
point,  interference/outage,  effect  on  mission, 
effect  on  personnel,  structural  damage,  electri¬ 
cal/electronic  damage,  and  repair/ replacement 
costs. 

Attachment  Point  -  Lightning  attachment  to 
the  aircraft  was  divided  into  seven  locations: 
nose,  wing,  fuselage,  tsi7 ,  antenna,  external 
tank/ stores,  and  other.  Attachment  points  are 
normally  determined  by  ground  inspection  after 
landing.  Eighty-one  percent  of  the  reports  ex¬ 
plicitly  stated  at  least  one  attachment  point 
location. 

Interference/Outaae  -  Lightning  strikes  to 
aircraft  can  cause  a  variety  of  effects  on  air¬ 
craft  systems.  In  many  cases,  the  effects  are 
temporary  and  can  be  remedied  in-flight  by  the 
crew.  These  effects  are  divided  into  seven  cat¬ 
egories:  communications,  navigation,  flight 
linstrwmentatton,  engine,  electrical,  fuel,  and 
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other.  Communications  includes  VLF,  HF,  VHF, 
and  UHF  radio  transmit ter e/receivars.  Naviga- 
tion  Includes  OMEGA,  LQRAN,  ASF,  VOH,  ILS  local- 
izar/marker  beacon,  ILS  glideslope,  TACAN,  SHE, 
weather  radar,  navigation  computer,  and  compass. 
Flight  instrumentation  includes  various  flight 
indicators  (altimeter,  angle-of-attack,  air¬ 
speed),  CADC,  and  autopilot.  Engine  includes 
flameout,  rollback,  compressor  surg4  or  stall, 
rpm  gauge,  and  engine  warning  light.  El  -trical 
Includes  generator,  circuit  breaker,  fuse,  warn¬ 
ing/  caution  light,  EES,  transformer,  aircraft 
power,  pitot  end  windshield  heater,  end  internal 
lights.  Fuel  includes  explosion/ fir a,  flow/ 
quantity  gauges,  and  venting,  "Other"  includes 
EW  Jammers,  radar  warning  receivers,  IFF,  and 
environmental  controls/instrumentatlon.  Inter¬ 
ference/outage  was  experienced  in  twenty  percent 
of  the  reported  lightning  incidents. 

Effect  on  Mission  -  The  effects  of  light¬ 
ning  on  the  aircraft  mission  were  divided  into 
four  categories:  none,  precautionary  abort, 
emergency  landing,  and  loss  of  aircraft.  Air¬ 
craft  mission  was  affected  in  thirty-seven  per¬ 
cent  of  the  reported  Incidents.  In  most  cases 
where  the  mission  was  aborted,  subsequent  ground 
inspection  of  the  aircraft  revealed  only  minor 
structural  damage. 

Effect  on  Personnel  -  The  effects  of  light¬ 
ning  on  personnel  were  divided  into  five  cate¬ 
gories:  not  stated/none,  flash  blindness  (mom¬ 
entary),  electrical  shock,  crew  ejection,  and 
fatality.  Only  six  percent  of  the  reports  ex¬ 
plicitly  stated  that  lightning  had  an  immediate 
affect  on  personnel. 

Structural  Damage  -  Damage  to  structure/ex- 
teraal  components  caused  by  lightning  was  di¬ 
vided  into  nineteen  categories:  nose  (pitot, 
radoma,  other),  wing  (skin  and  tip,  control  sur¬ 
faces,  other),  fuselage  (skin,  canopy/wind¬ 
shield,  other),  tail  (horizontal  fin/stabilizer, 
s tab ilator/ control  surface,  vertical  fin/stabl- 
lizer,  rudder,  other),  antenna,  engine/propel¬ 
ler/blade,  external  tank/stores,  loss  of  struct- 
ure/storas,  end  loss  of  aircraft.  "Other,"  de¬ 
pending  upon  location,  includes  external  lights, 
static  dischargers,  diverter  strips,  lightning 
arrestor/coupler,  and  antenna  covers.  Struct¬ 
ural  damage  was  experienced  in  seventy-eight 
percent  of  the  reported  Incidents. 

Electrical/Electronic  Damage  -  Damage  to 
electrical/electronic  equipment  or  components 
caused  by  lightning  was  divided  into  six  cate¬ 
gories:  communications,  navigation,  flight  in¬ 
strumentation,  engine,  electrical,  and  other. 

The  categories  are  those  discussed  under  "inter¬ 
ference/outage."  Electrical/electronic  damage 
was  sustained  in  eight  percent  of  the  reported 
incidents. 

Repair /Replacement  Costs  -  The  estimated 
costs  to  repair/replace  aircraft  damage  were 
divided  into  six  categories:  less  than  $5K, 

$5K  to  $20K,  $20K  to  $100K,  $100K.  to  $300K, 

$300K  to  $1H,  and  greater  than  $1M  (loss  of  air¬ 
craft).  Although  there  appears  to  be  a  fairly 
good  correlation  of  estimated  repair  costs  to 


» ■i'iii,s'wiirawssn,-r 


to  damage  incurred,  the  reports  indicate  that  in¬ 
flation  has  escalated  damage  repair  costs  in  re¬ 
cant  years.  Nevertheless ,  seventy-eight  percent 
of  reported  repair  costs  were  less  than  $5K  per 
aircraft.  Ninety-three  percent  of  the  reports 
explicitly  stated  the  estimated  costs. 

DATA  ANALYSES 

OPERATIONAL  CONDITIONS  -  Aircraft  operation¬ 
al  conditions  at  the  time  of  the  strike  were  tab¬ 
ulated  under  the  headings:  attitude,  altitude, 
outside  air  temperature,  location,  weather,  and 
electrical  activity. 

Attitude  -  Over  half  of  the  aircraft  were  in 
level  flight  when  struck.  This  is  borne  out  in 
all  six  classes.  About  one-sixth  of  the  aircraft 
were  climbing,  about  one-sixth  wore  descending, 
and  about  one-tenth  were  on  landing  approach  whan 
struck. 

Altitude  -  Aircraft  altitude  was  tabulated 
in  fast  above  mean  sea  level  (MSL)  rather  than 
above  ground  level  since  this  was  the  number  giv¬ 
en  in  almost  all  mishap  reports.  The  data  indi¬ 
cate  that  over  half  of  the  aircraft  were  struck 
at  altitudes  above  10,000  feet  and  over  one- 
fourth  above  15,000  feet.  The  data  would  be  re¬ 
presentative  for  aircraft  flying  over  oceans  and 
low-lying  regions  of  the  world,  but  would  not  be 
representative  over  mountainous  or  high  plateau 
regions.  Therefore,  it  is  difficult  if  not  im¬ 
possible  to  draw  any  hard-and-fast  conclusions 
from  these  data. 

Outside  Air  Temperature  -  Pilots  are  gener¬ 
ally  warned  not  to  fly  in  precipitous  weather  at 
or  near  the  freezing  level  since  these  condi¬ 
tions  increase  the  probability  of  a  lightning 
mishap.  Thus,  outside  air  temperature  (OAT)  was 
a  parameter  of  interest  in  evaluating  the  above 
statement.  Unfortunately,  the  OAT  was  only 
stated  in  about  fifteen  percent  of  the  reports. 

Of  the  fifteen  percent,  about  two-thirds  were 
within  +5°C  of  the  freezing  point,  one-sixth 
war a  less  than  -5°C,  and  one-sixth  wars  greater 
than  +5°C. 

Location  -  Of  the  reports  that  stated  the 
aircraft  location  with  respect  to  clouds,  over 
eighty  percent  of  the  aircraft  were  within  clouds 
when  struck.  About  one-tenth  were  below  a  cloud 
coiling,  one-tenth  were  between  clouds,  and  one 
percent  were  above  clouds  when  struck.  Again, 
these  data  reflect  only  explicit  statements  in 
the  reports  of  aircraft  location.  It  should  be 
noted  that  pilots  went  to  great  lengths  in  most 
of  the  reports  to  explicitly  state  that  they 
were  many  miles  away  from  any  heavy  thunder¬ 
storm  areas  being  painted  on  their  weather  radar 
screens  at  the  time  of  lightning  strike. 

Weather  -  Of  the  Reports  that  stated  wea¬ 
ther,  about  two-thirds  of  the  aircraft  were  ex¬ 
periencing  rain  when  struck.  Only  twenty  per¬ 
cent  were  experiencing  turbulence.  About  five 
percent  were  experiencing  hail  or  snow.  And  for 
the  remaining  ten  percent  of  the  aircraft  that 
were  in  clear  weather,  a  lightning  strike  must 
have  come  as  quite  s  surprise  to  the  crew. 
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Electrical  Activity  -  Only  a  very  small  per¬ 
centage  of  reports  mentioned  the  buildup  of  elec¬ 
trical  activity  prior  to  the  strike.  However, 
several  reports  indicated  that  electrical  activ¬ 
ity  in  the  form  of  static  on  radios,  interfer¬ 
ence  on  scopes,  etc.  persisted  for  up  to  several 
minutes  after  a  strike  had  caused  some  form  of 
interference  or  outage.  More  explicit  informa¬ 
tion  in  this  area  is  needed  to  aid  the  analyst 
in  his  attempt  to  understand  and  explain  the 
lightning-aircraft  interaction  processes. 

EFFECTS  OF  THE  STRIKE  -  The  effects  of  a 
lightning  strike  were  tabulated  under  the  head¬ 
ings:  attachment  point,  interference/outage, 
effect  on  mission,  effect  on  personnel,  struct¬ 
ural  damage,  electrlcal/electronic  damage,  and 
repair/replacement  costs. 

Attachment  Point  -  From  707  reports  that 
explicitly  stated  one  or  more  attachment  points, 
a  total  of  979  attachment  locations  were  tabu¬ 
lated.  Half  of  all  the  reported  attachment 
points  could  be  identified  with  the  nose  area, 
fourteen  percent  the  wing,  fourteen  percent  the 
tail,  ten  percent  an  antenna,  seven  percent  the 
fuselage,  three  and  one-half  percent  the  exter¬ 
nal  tank/stores,  and  less  than  two  percent 
"other."  Cargo  aircraft  reported  sixty  percent 
of  all  attachments  to  the  nose  area  whereas 
trainers  reported  less  than  fifteen  percent. 
Trainers  reported  a  third  of  all  attachments  to 
the  tail.  Fighter  and  bomber  aircraft  each  re¬ 
ported  between  seven  and  eight  percent  of  all 
attachments  to  external  tanks/stores. 

Interference/Outage  -  From  180  reports  that 
explicitly  stated  at  least  one  happening  or 
event  that  could  not  be  considered  normal  opera¬ 
tion  following  a  lightning  strike,  a  total  of 
236  events  were  tabulated  and  summarized  in  nar¬ 
rative  form  for  reference.  Thirty  percent  of 
all  events  affected  navigation,  twenty-five  per¬ 
cent  flight  instrumentation,  twelve  percent  en¬ 
gines,  ten  percent  communications,  eight  percent 
electrical,  three  percent  fuel,  and  eleven  per¬ 
cent  "other."  Fighters  and  trainers  appeared  to 
be  more  susceptible  to  temporary  disruptions 
than  cargo  or  bomber  aircraft.  Abnormal  events 
were  reported  in  thirty-five  percent  of  fighter 
mishaps,  twenty-six  percent  of  trainer  mishaps, 
thirteen  percent  of  bomber  mishaps,  and  twelve 
percent  of  cargo  mishaps.  Flight  instrumenta¬ 
tion  and  navigation  were  most  affected  in  fight¬ 
ers  (thirty-eight  percent  and  twenty-two  percent, 
respectively)  while  navigation  was  predominantly 
affected  in  cargo  aircraft  (fifty-six  percent). 
These  percentage  differences  can  in  part  be  ex¬ 
plained  in  terms  of  lightning  attachments  to  the 
pitot  system  and  air  data  sensors  on  fighter 
aircraft  (which  impacts  flight  instrumentation 
Indicators)  and  a  high  percentage  of  attachments 
to  the  nose  radome  on  cargo  aircraft  (which  im¬ 
pacts  weather/navigation  radar) .  Engines  wars 
affected  in  fighters  (thirteen  percent)  and 
trainers  (thirty-eight  percent),  but  were  not  a 
factor  in  cargo  aircraft. 

Effect  on  Mission  -  The  effect  of  a  light¬ 
ning  strike  on  mission  was  not  stated  or  had  no 


effect  in  sixty-three  percent  of  the  reports, 
caused  e  precautionary  abort  in  thirty-five  per¬ 
cent,  an  emergency  landing  In  leas  than  one  per¬ 
cent,  and  loss  of  aircraft  in  less  than  one  per¬ 
cent.  A  considerably  higher  percentage  of  fight¬ 
er  aircraft  missions  were  affected  (fifty-aix 
percent)  than  cargo  aircraft  (twenty-thrae  per¬ 
cent).  As  previously  stated,  mission  abort  was 
taken  as  a  precautionary  measure.  In  moBt  cases, 
subsequent  ground  inspection  revealed  only  minor 
structural  damage  to  the  airframe. 

Effect  on  Personnel  -  Of  the  52  reports  that 
explicitly  stated  an  effect  of  lightning  on  per¬ 
sonnel,  thirty  percent  listed  momentary  flash 
blindness,  fifty-five  percent  electrical  shock, 
six  percent  crew  ejection,  and  nine  percent 
fatalities  (accompanied  by  loss  of  aircraft) . 

A  much  higher  percentage  of  fighter  and  trainer 
aircraft  reported  effects  on  personnel  (12. A  and 
12.3  percent,  respectively)  than  any  other  class. 
Only  2. A  percent  were  reported  by  bombers,  3.7 
percent  by  cargo,  and  none  by  attack  or  heli¬ 
copter  aircraft. 

Structural  Damage  -  From  687  reports  that 
explicitly  listed  structural  damage,  1003  tabu¬ 
lations  were  made  under  nineteen  categories. 
Damage  areas  correlated  very  closely  with  attach¬ 
ment  point  areas.  In  almost  all  cases,  some 
repair  was  required  to  return  the  aircraft  to 
its  previous  pre-lightning  strike  condition. 

The  severity  of  the  damage  usually  correlated 
closely  with  the  estimated  repair/replacement 
costs. 

Electrlcal/Elactronic  Damage  -  From  68  re¬ 
ports  that  explicitly  listed  damage  to  electri¬ 
cal/electronic  equipment  or  components,  81  list¬ 
ings  were  tabulated  and  summarized  in  narrative 
form  for  reference.  Forty  percent  of  the  list¬ 
ings  involved  navigation,  nineteen  percent  ifltght 
instrumentation,  fourteen  percent  electrical, 
ten  percent  communications,  less  than  threa  per¬ 
cent  engines,  and  sixteen  percent  "other."  Dam¬ 
age  was  reported  in  twelve  percent  of  fighter 
mishaps,  A. 8  percent  of  bomber  mishaps,  and  6.8 
percent  of  cargo  mishaps.  Most  of  the  equip¬ 
ment  /component  damage  appeared  to  be  the  result 
of  the  lightning  energy  directly  impacting  af¬ 
fected  items  rather  than  indirect  coupling  of 
lightning  energy. 

Repalr/Replacament  Costs  -  Of  the  818  re¬ 
ports  that  explicitly  stated  estimated  repair/ 
replacement  costs,  ssventy-eight  percent  were 
less  than  $5K,  seventeen  percent  were  between 
$5K  and  $20K,  three  and  one-half  percent  were 
between  $20K  and  $100K,  and  l.A  percent  were 
above  $100K  (which  included  the  loss  of  seven 
aircraft) .  Repair/raplacemant  costs  above  $5K 
involved  20. A  percent  of  cargo  mishaps,  28.7 
percent  of  fighter  mishaps,  and  28  percent  of 
bomber  mishaps. 

SUMMARY  AND  CONCLUSIONS 

Aircraft,  when  struck  by  lightning,  will 
generally  sustain  soma  minor  structural  damage, 
may  have  temporary  interference  or  outage  of  a 


normal  operational  function,  and  In  less  than 
ten  percent  of  all  atrlkas  will  sustain  damage 
to*  electrical/electronic  equipment  or  compon¬ 
ents.  This  damage  will  not  be  critical  to  flight 
safety  'd.uc  to  backup  Instrumentation  and  equip¬ 
ment,  but  may  require  mission  abort  if  primary 
flight  indicators,  navigation  or  communications 
arc  lost.  In  the  few  instances  where  aircraft 
have  been  lost  due  to  lightning,  four  were  re¬ 
lated  to  fuel  vapor  explosions  and  three  to 
flight  control  or  Instrumentation  malfunctions. 
Fighter  and  trainer  aircraft  are  probably  more 
susceptible  to  lightning  effects  than  bomber  or 
cargo  aircraft  because  of  their  smaller  size 
(thus  higher  lightning  current  densities) ,  entry 
points  (pitot  system,  open  canopy  areas) ,  engine 
locations  (subject  to  overpressure  effects),  and 
external  tanks /stores  (additional  attachment  lo¬ 
cations)  .  Newer  aircraft  are  designed  to  be  and 
are  less  susceptible  to  lightning-related  effects 
because  of  increased  awareness  and  application 
of  good  lightning  protection  practices,  applica¬ 
tion  of  more  stringent  lightning  qualification 
tests  and  test  procedures,  and  a  better  under¬ 
standing  of  lightning-aircraft  Interactional 
processes. 
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Table  1  -  USAF  Lightning  Mishap  Reports 
by  Aircraft  Class  (1970-1982) 


Aircraft 

Class 

Mishap 

Reports 

Attack 

13 

Bomber 

83 

Cargo 

.  „„*** 
429 

Fighter 

274**** 

Trainer 

73 

Helicopter 

5 

Total 

877 

Note:  Asterisk  denotes  loss 
of  ons  aircraft 


Table  2  -  USAF  Lightning  Mishap  Reports 
by  Year  (1970-1982) 


Year 


1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 


Mishap 

Reports 


67 


87 

78 

103' 

83 

83* 

64 

53 
51 

54 

1 

65 
53 
36 


** 


Total  877 


Note:  Asterisk  denotes  loss 
of  one  aircraft 


Table  3  -  USAF  Lightning  Mishap  Reports 
by  Month  (1970-1982) 

Month  Mishap 

Reports 


Jan 

28 

Feb 

40 

Mar 

„  ft* 
87 

Apr 

102* 

May 

130* 

Jun 

95* 

Jul 

86* 

Aug 

97 

Sep 

71 

Oct 

66 

Nov 

ft 

44 

Dec 

31 

Total 

877 

Note:  Asterisk  denotes  loss 
of  one  aircraft 


Table  contains  only 
partial  listing  of 
1982  reports 
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ABSTRACT 

The  Advanced  Fighter  Technology  Integratlon/F-16  aircraft  (or  AFTI/P-16) 
utilizes  a  digital  fly-by-wire  flight  control  system  with  triple-redundant 
computer  implementation.  Since  flight  safety  la  contingent  on  a  complex  array 
of  electronic  circuitry,  comprehensive  lightning  susceptibility  testing  was 
performed  on  flight  control  interface  circuits  to  deslgn-in  protection  against 
lightning  induced  translento.  Criteria  designation  for  this  program  was 
patterned  after  circuit-level  testing  completed  on  the  F-16  aircraft  (analog 
system)  but  was  expanded  in  scope  end  depth  to  include  the  functional  require¬ 
ments  of  a  digital  system.  The  fundamental  principle  underlying  the  criteria 
was  therefore  protection  against  damage,  permanent  upset  and  temporary  upset 
beyond  safe  recovery. 

In  order  to  determine  circuit  susceptibility  and  achieve  the  desired  pro¬ 
tection,  the  criteria  and  test  procedure  were  designed  to  measure  damage  thresh¬ 
old  levels  and  response  characteristics  and  to  assure  proper  protection.  A 
brief  summary  of  the  component  llgbtnlug  susceptibility  test  and  criteria  is 
given  as  follows: 

o  All  Interface  circuits  in  the  Flight  Control  Syetom  were  reduced 
to  a  worst-case  generic  form. 

o  Damage  threshold  levels  were  measured  by  subjecting  test  circuits 
(power-on)  to  four  500-volt/ 5  microsecond  rectangular  pulses  in  all 
directions.  Hardening  techniques  were  evaluated  and  proven  on  suscep¬ 
tible  circuits. 

o  Response  characteristics  were  measured  by  subjecting  test  circuits 
(power-on)  to  500-volt/ 5  microsecond  damped  sinusoidal  pulses. 

Response  waveforms  were  than  analysed  relative  to  the  function 
requirements  of  the  interfacing  system. 

The  objective  of  this  paper  is  to  present  an  overall  summary  of  the  com¬ 
ponent  lightning  susceptibility  test  program  performed  for  the  AFTI/F-16  Digital 
Flight  Control  System.  The  summary  will  include  a  description  of  the  test  criteria 
and  procedure,  an  overview  of  test  results  and  a  discussion  of  our  conclusions  and 
recommendations  for  future  testing.  Xu  this  manner,  we  hope  to  provide  an  insight 
into  lightning  susceptibility  testing  end  hardening  technlquas  for  aensitlve 
aircraft  equipment. 


This  paper  was  not  available  for  Incorporation  into  this  book.  Therefore,  it  will 
be  published  at  a  future  date. 
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ABSTRACT 

V 

xhle  paper  deecrlbes  an  improved  technique 
for  calculating  semiconductor  junction  heating 
resulting  from  arbitrary  time-varying  source 
terms.  A  FORTRAN  subroutine  is  developed  which 
permits  solution  of  the  convolution  Integral  in 
the  SYSCAP^circuit  analysis  program  which  will 
simulate  the  thermal  transient  for  each  semicon¬ 
ductor  of  interest  in  a  circuit  subject  to 
lightning/EMP  disturbances.  An  example  circuit 
is  used  to  demonstrate  the  techniques;  the 
results  compare  favorably  with  laboratory  test 
data. 

INTRODUCTION 

Lightning-induced  cable  currents  can  cause 
semiconductors  located  within  interface  circuits 
to  fail  because  of  severe  thermal  transients. 
These  cable  currents  are  generated  whan 
lightning/EMP  interact  with  the  structure  and 
couple  to  the  cables.  Predicting  the  exact 
nature  and  path  of  this  coupling  is  difficult, 
and  test  validation  is  even  more  challenging. 

For  some  time,  predicting  failure  levels  at  the 
semiconductor  level  has  been  performed  using 
rectangular  (single  pulse)  waveforms  in  con¬ 
junction  with  simplified  semiconductor  damaga 
models.  In  many  cases,  a  wide  variation  between 
test  results  and  predictions  has  been  observed 
and  reported  in  actual  system  tests.  Although 
some  of  this  variation  can  he  attributed  to 
inadequate  model  data  or  even  the  model  itself,  a 
considerable  error  can  occur  if  the  analysis  does 
not  properly  sum  the  thermal  heating  caused  by 
the  "real'*  stimulus  to  a  system.  Lightning/EMP- 
induced  currents/voltages  that  appear  as  drivers 
to  Interface  circuits  are  complex  damped  sinus¬ 
oids  [1].  The  component  data  base  is  obtained  by 
step-stressing  a  number  of  parts  (eg,  23  total 
sample  size  with  a  5  sample  per  pulse  width 
selection  )  to  failure  with  an  attempt  to  uae 
constant  amplitude  and  pulse  widths  over  several 


*The  SYSCAP  II  program  is  available  on  the 
Control  Data  Corporation  CYBERNET  system  and  is 
licensed  to  CDC  by  Rockwell  International.  (See 
SYSCAP  II  "System  of  Circuit  Analysis"  Program 
user  information  manual.  Publication  No.  76070600 
Data  Services  Publications,  P.0.  Box  HQC02C, 
Minneapolis,  Minnesota  55440). 


decades  of  equivalent  pulse  width  or  frequency. 
These  data  are  plotted  and  a  "damage  equation"  is 
developed  [2],  [3].  When  the  teat  la  performed 
with  sufficient  care  and  with  a  known  semicon¬ 
ductor  family  (including  aupplier  and  lot  number) 
ae  described  in  [4],  the  results  generally 
validate  the  theory  described  in  [2].  However, 
thermal  failure  la  not  tha  only  possible  failure 
mode.  Anomalies  occur,  as  was  indicated  in  [4], 
which  are  usually  caused  by  dielectric  breakdown 
and  not  thermal  failure.  This  paper  only 
addresser,  thermal  failure. 

Given,  than,  that  the  thermal  failure  model 
is  ths  one  that  is  of  prime  concern,  it  Is  still 
important  to  resolve  the  rectangular  pulse  test 
data  versus  actual  damped  sinusoidal  disturbance. 
A  means  for  converting  the  damped  sinusoids  to  s 
aeries  of  equivalent  pulses  is  needed  that 
includes  the  generation  of  junction  temperature. 

A  method  for  accomplishing  this  procedure 
was  daecribed  in  an  earlier  paper  [5]  by  one  of 
tha  authors;  however,  this  method  involved  build¬ 
ing  a  thermal  ladder  network  for  each  p-n  junc¬ 
tion  and  proved  Impractical  for  large  scale 
implementation . 

The  technique  reported  by  Williams  [6] 
basically  solves  the  model  size  problem,  and  it 
was  possible  to  eaeily  implement  this  method  vis 
the  FORTRAN  Function  capability  in  SYSCAP. 

The  following  discussions  will  describe  (a) 
the  semiconductor  failure  modal,  (b)  linear 
network  failure  models,  (c)  the  convolution 
Integral  method  Including  the  SYSCAP  FORTRAN 
function  subroutine,  and  (d)  application  to  an 
actual  circuit  with  comparison  to  test  data. 

SEMICONDUCTOR  THERMAL  FAILURE  MODEL 

Component  tests  to  measure  device  damage 
threshold  consist  primarily  of  step-stressing  a 
number  of  parts  to  failure  with  constant  ampli¬ 
tude  pulses  of  various  widths.  After  curve 
fitting  the  data,  a  plot  of  typical  power  Pp  fo- 

damage  is  found  as  a  function  of  pulse  width  t. 
From  the  work  of  Wunsch,  Ball,  and  Tasca  [2,3], 
the  general  form  of  these  data  has  been  well 
established  to  be: 

(1)  A  region  for  short  pulses  less  than  t 

o 

(10  to  100  ns)  where  P^  depends  on  t_1 
and  energy  is  constant.  This  Is  the 
adisbatic  region. 

(2)  A  region  for  long  duration  pulteo 
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greater  than  t,  <10  |ii  to  1  t)  where 
heat  flow  out  of  the  device  hag  stabi¬ 
lized.  Here  is  no  longer  dependent 
on  t. 

(3)  A  transition  region  where  depends  on 

T“V*  . 

In  the  transition  region  where  tq  <  x  <  t1( 
the  classic  Wunsch-Bell  relation  applies, 

where  is  the  damage  constant.  Then  for  the 
adiabatic  region,  ie,  for  r  <  t  , 

PD  “  *D  T0/2  t_1 

Since  currents  of  sufficient  duration  to 
cross  into  the  equilibrium  region  are  very  un¬ 
likely  in  the  lightning  or  EMP  environments,  the 
thermal  response  for  long  duration  pulses 
(t  >  Tt)  were  not  modeled.  Equations  (1)  and  (2) 
represent  failures  caused  by  excessive  localized 
temperature  in  the  device.  A  case  exists  [4] 
where  an  Integrated  circuit  failed  at  a  lower 
power  level  than  prediced  by  equation  (2).  Par 
pulses  shorter  than  0.5  Us,  nearly  constant  power 
caused  failure  because  of  voltage-sensitive 
surface  breakdown.  However,  for  pulses  of  0.5  us 
to  20  us  duration,  power  at  failure  was  observed 
to  follow  equation  (1). 

LINEAR  NETWORK  FAILURE  MODELS 

An  approximate  analysis  of  the  threshold 
cable  current  for  failure  is  frequently  made  in 
the  following  manner  [7]. 

(1)  Reverse  junction  breakdown  of  the  part 
selected  for  analysis  is  modeled  by  a 
surge  resistor,  Rg ,  In  series  with 

measured  breakdown  voltage  V^. 

(2)  The  Wunsch  failure  model  is  utilized 
and, 

rD  -  »I  %  <3> 

(3)  An  approximate  conversion  to  the  fre¬ 
quency  domain  is  made, 

t  -  1/nf  (4) 

where  n  is  chosen  to  represent  a 
typical  damped  sinusoid.  A  standard 
value  of  2.2  to  3.0  is  generally  used 
for  all  circuits. 

(4)  Substitution  of  equation  (4)  into 
equation  (1)  produces  the  following 
estimate  of  failure  current  and  voltage 
whan  the  resulting  quadratic  equation 
is  solved, 

.  -»m>- ■rK> + 4  *»  h  ■®r  ... 

F*  2Rg  1  ' 


VF-VBD  +  IF*B  <6) 

(5)  The  part  failure  current  and  voltage 
from  equations  (5)  and  (6)  are  then 
converted  to  connector  pin  current  and 
voltage  by  linear  circuit  analysis. 

This  step  is  done  by  hand  in  simple 
cases  or  a  program  such  as  HANAP2  [7] 
may  be  used.  The  result  is  a  predic¬ 
tion  of  the  connector  pin  current  and 
voltage  required  for  failure  of  the 
part  selected  for  analysis. 

Several  approximations  which  may  seriously 
affect  accuracy  are  often  required  with  fre¬ 
quency-domain  failure  analyses.  For  example, 
with  the  HANAP2  program,  there  is  a  limitation  of 
one  semiconductor  per  model.  Consequently,  each 
junction  of  each  part  in  an  interface  circuit 
must  be  examined  separately,  with  all  others 
ignored  or  roughly  represented  by  a  resistor  and/ 
or  capacitor.  The  large  currents  present  at 
interface  circuits  often  switch  devices  ON  and 
OFF,  so  that  a  linear  model  is  a  poor  approxi¬ 
mation  to  the  actual  circuit  behavior.  Circuits 
with  rectification  may  convert  the  frequency  of 
current  at  the  interface  connector  to  a  lower 
frequency.  This  cannot  be  handled  with  linear 
analysis  techniques.  Use  of  the  Wunsch  model  in 
the  adiabatic  region  (frequencies  above  about 
5  MHz)  produces  an  estimate  of  failure  current 
which  is  in  error  on  the  low  side.  Finally,  it 
is  difficult  to  justify  a  standard  value  of  n  for 
use  in  equation  (5)  which  will  represent  all 
circuits  and  cable  current  waveforms. 

Linear  analysis  techniques  provide  a  means 
of  quickly  estimating  the  failure  levels  for 
interface  parts.  However,  numerous  assumptions 
have  been  noted  which  will  degrade  accuracy.  A 
general  purpose,  time-domain  simulator  such  as 
SYS CAP  provides  the  means  of  eliminating  many  of 
these  assumptions. 

CONVOLUTION  INTEGRAL  METHOD 

A  convolution  Integral  was  developed  by 
Williams  [6]  which  relates  arbitrary  device  power 
waveforms  to  pulse  power  for  failure  and  gener¬ 
ates  the  junction  temperature  rise  versus  time. 
This  technique  is  based  on  the  Wunsch-Bell  model 
[2]  for  pulsed  semiconductor  failure,  as  modified 
by  Tasca  [3]  for  the  adiabatic  region.  Utilizing 
classical  Laplace  transform  theory,  the  normal¬ 
ized  temperature  rise  (I)  of  a  device  is  computed 
in  the  following  manneri 

t 

I(t>  ■/'<’>  (7> 

Since  simulated  part  temperature  is  normalized  to 
that  required  for  failure,  a  peak  value  of  unity 
typically  represents  failure.  Fulse  power  for 
failure  (FQ)  need  not  be  determined  explicity. 

Instead,  the  general  expressions  for  Pp  from 

equations  (1)  and  (2)  are  substituted  into 
equation  (7)  to  give, 
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Since  instantaneous  device  power  dissipation 
P(t')  is  a  standard  feature  of  the  SYSCAP  II  pro¬ 
gram  for  arbitrary  driving  functions,  the  imple¬ 
mentation  of  equation  (8)  ia  not  difficult*  The 
numerical  method  used  by  Williams  to  solve  equa¬ 
tion  (8)  has  been  tested  on  a  number  of  circuits* 
In  general,  a  favorable  comparison  between  the 
damage  threshold  obtained  by  the  convolution 
integral  and  test  data  or  other  analytic  methods 
has  resulted.  However,  it  was  observed  that  the 
peak  value  of  l(t)  is  quite  dependent  on  the 
solution  time-step  size.  For  example,  an  unpro¬ 
tected  1N4148  diode  was  driven  by  a  1.5  MHz 
sinusoidal  current  with  an  initial  peak  of  200 
mA,  decaying  to  zero  in  10  cycles.  The  average 
value  of  the  Wunsch-Bell  damage  constant  ia 
0.0113  based  on  pulse  tests.  The  normalized 
temperature  response  was  simulated  using  the 
TRACAP  transient  analysis  option  of  SYSCAP.  With 
a  solution  time-step  of  0.3  ns  (or  2222  per 
cycle),  I(t)  reaches  63  percent  of  typical  fail¬ 
ure  temperature  on  the  second  cycle.  With  667 
solutions  per  cycle,  this  value  Increases 
slightly  to  63.7  percent.  However,  at  67  solu¬ 
tions  per  cycle  (10  ns  time-step),  the  peak  on 
the  second  cycle  increases  further  to  85  percent 
of  the  failure  level.  For  comparison,  linear 
analysis  based  on  equation  (5)  infers  that  255  mA 
is  typically  required  for  failure  (where  n  was 
presumed  to  be  2.25). 

Williams  computes  equation  (8)  by  means  of 
trapezoidal  integration.  Because  two  relations 
for  I(t)  are  used  (depending  on  whether  integra¬ 
tion  time  exceeds  rQ),  an  error  in  integration 

occurs  unless  solution  happens  to  occur  exactly 
at  elapsed  time  minus  tq.  Since  this  situation 
holds  at  each  time  step,  errors  are  cumulative. 

An  alternate  method  of  solving  equation  (8) 
has  been  obtained  by  assuming  that  the  power, 


P(t),  is  a  straight  line  between  t  and  t 


n+1 1 


for 


P(t)  -  P(tn)  +  (t  -  tn)Qw 

t  <  t  <  t  . . 
a  —  —  n+1 


(9) 


where 


the  integral  from  tQ  to  t^  ^  has  an  exact  expli¬ 
cit  solution  which  can  be  used  to  replace  the 
approximate  trapezoidal  Integration.  This  is 

also  true  if  t  -  t  is  contained  in  some  t  to 
o  n 

tn+1  interval.  The  mathematical  steps  requited 

to  carry  out  this  method  of  solution  are 
straightforward.  The  final  form  is  presented  in 
Fig.  1.  This  figure  is  a  listing  of  the  FORTRAN 
subroutine  which,  in  conjunction  with  SYSCAF, 


provides  l(t)  for  all  parts  of  interest  in  a 
specific  Interface  circuit. 

FUNCTION  FUNCI (T00,CD0,UATT©,AI,PTS(X> 

NEAL  TE, TINE, PUN, DAMP, TO, CMATT 

COMMON/FIXCOK/JCONT  ( 1 00 )  ,TE 

DIMENSION  DAMP (800, 4) , PUR (800, 4) , TIME (800) 

DATA  M/1/ 

K»PTS 
1  *A1 
T0-T00 
CD-CD0 
UATT*UATT0 

IF(ICONT(»).NE.4)00  TO  200 

»(TE.LE.0. . OR. M.GE.  1000)  GO  TO  200 

PUR(M,I)«UATT 

IFd.EQ.I  )TIME(M)*TE 

IF(H.EO.I)  80  TO  190 

IFtTIME(M>;LE.TIME(N-U)  GO  TO  200 

STQ'SQRTUO) 

TH-TINE(M) 

DAKP(M,I)*0. 

DO  10  J»2,K 
TJ-TIMEU! 

TJt»TIHE(J-1> 

PWRJ*PUR< J,I) 

PURJ1«PURU-1,I> 

(MPURJ-PURJ1 1/tTJ-TJI ) 

IF(TM-TJ.LT.TO)  00  TO  5 
STJ*SQRT(TH~TJ) 

STJI»SQRT(TM-TJ1> 

DAMP ( M, 1 1 "DAMP  EM, I )+( PUR J1 -Q*T  J1 ) * ( BT  J1 -ST J ) /CD* 

1 Q*( (T J1 +2.*TM)*ST J1 - (T J+2.*tM)*ST J)/(3.*CD) 

GO  TO  10 

5  IF(TH-TJI.LE.TO)  GO  TO  & 
DAMP(H,I)»DAMP(M,I)+tPUR41-Q*TJ1 >*(STJ1-STQ)/CD+ 

1Q*((TJt+2.*TM>*STJ1-(3.*TM-T0>  *8TQ)/(3.*CD>+ 
2(PURJt+Q*(TM-T0-TJt )+PURJ)*(TJ-TM+TO) /(2.*CD*8T0) 

00  TO  10 

6  DAMP(H,I>»DAHP(M,I>HPURJI+PURJ>*<TJ-TJI>/<2.*CD*ST0> 
10  CONTINUE 

190  FUNC!-DAHP(H,I> 

IF(I.EQ.K)H»HM 
X"FUNC1 
RETURN 
200  FUNCt-X 
RETURN 
END 

Fig.  1  -  Listings  of  subroutine  for  convolution 
Integral  solution 

The  simulations  previously  describsd  involv¬ 
ing  a  1N4148  diode  were  repeated  ualng  this 
revisad  integration  technique.  For  very  small 
time  steps,  the  peek  value  of  I(t)  is  asymptotic 
to  0.63  as  with  trapezoidal  integration.  How¬ 
ever,  as  illustrated  in  Fig.  2,  accuracy  is 
considerably  improved  for  larger  (end  more  eco¬ 
nomical)  values  of  the  time-step.  For  example, 
with  22  solutions  per  cycle  (30  ns  time-step), 
the  revised  integration  technique  computes  a  peak 
value  of  I(t),  which  ia  9.1  percent  in  error, 
while  the  numerical  technique  of  Williams  appears 
to  have  a  140  percent  error.  (It  is  assumed  that 
this  has  bean  improved.) 

An  estimate  of  unnormalized  temperature 
response  can  be  obtained  by  assuming  that  failure 
occurs  at  the  intrinsic  temperature  (550  to  650°C 
depending  on  the  doping  level).  At  this  tempera¬ 
ture,  the  junction  properties  revert  to  those  of 


I 
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undoped  silicon  [S].  This  results  in  localized 
increased  dissipation  which  may  cause  these  areas 
to  reach  thq  melting  point  of  silicon  (1410*C). 
"'.i.  'positive  feedback"  effe'**-  <s  rarely  in¬ 
cluded  in  the  semiconductor  s>~  .is  of  the  various 
circuit  analysis _ programs . 


a  WILLIAMS  ALGORITHM 
•  MCMUSRAY  ALGORITHM 


1  10  100  1000 
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Fig.  2  -  Error  in  predicted  maximum  temperature 
"ersus  solutions  per  cycle 


APPLICATION  TO  A  SPECIFIC  CIRCUIT 

The  convolution  integral  model  was  applied 
to  a  PNP  epitaxial  planar  rilicon  transistor 
(2N3051)  which  had  been  tested  in  its  circuit  to 
burnout.  The  circuit  is  shown  in  Fig.  3.  The 
test  pulse  was  of  100  us  duration  with  a  constant 
amplitude  over  the  interval.  The  pulses,  sepa¬ 
rated  by  a  time  interval  to  permit  cooling,  were 
repeated  with  on  increasing  magnitude  of  negative 
voltage  until  failure  occurred .  The  voltage  at 
the  QIC  transistor  emitter  was  monitored  as  was 
the  current  from  the  emitter  to  the  pulser.  Test 
to  burnovt  was  performed  five  times,  using  the 
same  circuit  and  replacing  the  transistor  [5]. 


*10  v  +10  V  *10  V 


Alloying  was  noted  at  the  edge  of  the  emitter  and 
beneath  the  emitter  contact. 

The  SYSCAP  coding  used  to  model  the  example 
circuit  is  shown  in  Fig.  4.  In  addition  to 
standard  device  model  parameters,  the  damage 
constant  and  the  adiabatic  transition  pulse 

width  are  required  for  each  part  of  interest. 

EXAMPLE  CIRCUIT  OUTPUT  8/C  MODEL 

R30  < 1 ,2)2.2tK 

R3413, 4)100 

R42(5,4)10K 

R39I/,0)10K 

Cl (1,2) SP 

C214, 0)1(1 

C3(2,4)SP 

C4(5,0)10P 

C5(5,4)8P 

Q9,PNP(84,C3,E2)P, 

25,0,.S,10U,.5,.I,4,1,.1,.05I.1P,.89,5AG,45,10M,3.1,20P, 

. 73,. 3, 44. 7N, 0,0 ,0,0, .00017P, .89, .0546,6. 4, 1 0H, 3. 1 ,9P, .75,.5, 

.3348,0,0,0,0 

Q10,PNP(B5,C6,E7)P,1C,09 

D13(A5,C0)P, 

1.25,1.8948,1 .8077, 9. B6, 90, 10M, 10,1. 9P,. 75,. 5, 2. UP, 0,0, 

0,0 

D1 2<A4,C2)P,D13 
El < ♦! ,-0)10. 

£2143,-0)6. 

E3<+4,-0)-10. 

E< <♦?, -0 (POINTS, 0. 0,0,-1 7. 43,. IU,-1 7.43, 100U, 0.0, 101 U, 0.0,1 
TQ10>FUMC1 (50N, . 0424,01  OPT, 1,4, 0.0) 

T09*FUMC1 ISON, ,0424,09PT,2,4,0.0) 

TS12-FUNC1 (SON, . 1 2 , B 1 2PD , 3, 4 ,0 . 0 ) 

TD1 3*FUNC1 (50N, . 1 2,D13PD,4,4,0.0) 

FINIS 

INITIAL'COHPUTE 
L'ALC/PLT*2 
TIME— .SU , 1 50U 

PLOT, HI8HRES,3*NODE7,Q9PT,aiOPT,D12PD,DI3P8,T010, TOP, TD12, 
TD13,810IC 

Fig.  4  -  SYSCAP  coding  of  example  circuit 


The  temperature  rise  for  transistors  Q9  and 
Q10  and  diodes  CR12  and  CR13  was  simulated  for 
several  amplitudes  of  a  100  us  pulse.  The  re¬ 
sponse  at  Q9,  CR12,  and  CR13  was  several  orders 
of  magnitude  below  that  of  transistor  Q10.  Fig.  5 
presents  transistor  Q10  power,  current,  and 
normalized  temperature  for  the  -17,43  V  input 
amplitude  which  just  causes  normalized  peak 
temperature  to  reach  unity.  Taole  1  compares  the 
tested  failure  threshold  of  the  five  samples  with 
the  model.  Simulated  power,  current,  and  input 
voltage  are  within  4.3  to  5.1  percent  of  the  test 
average. 


Table  1.  Model  Comparison  tc  Test  Data 
for  Example  Circuit 


F'g.  3  -  Test  circuit  schematic 

The  negative  pulse  drives  QlO  into  the 
inverted  mode  with  the  base-emittor  diode  near 
avalanche  breakdown.  However,  most  of  the  teat 
current  traverses  from  collector  to  emitter. 
Failure  analysis  revealed  that  a  collector- 
emitter  short  was  present  and  that  base-collt,tor 
and  base-emitter  diode  action  still  existed. 


Treneietor  QlO 
Power 

Interface 

Voltage 

Interface 

Current 

Description 

2.5  V 

-15  V 

0.5  A 

Teet  of  Pert  035 

4.0  U 

-17  V 

0.7  A 

Teet  of  Pert  029 

2.6  U 

-17  V 

0.4  A 

Teet  of  Vert  006 

6.4  u 

-18  V 

0.8  A 

Teet  of  Pert  030 

3.0  U 

-16  V 

0.5  A 

Teet  of  Pert  008 

3.92  U 

-16.6  V 

0.58  A 

Teet  Average 

4. ] 2  v 

-17.43  V 

0.555  A 

Nominal  Model 

+5.1  X 

+5. OX 

-4.3% 

Difference 
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temperature  change  of  translator  Q10  on  the 
second  cycle  of  about  twice  that  needed  typically 
for  failure.  With  a  5  A  damped  current  source,  a 
peak  temperature  change  of  65  percent  of  that 
required  for  failure  occurs. 
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Fig.  5  -  Simulated  thermal  response  of  example 
circuit  at  failure  threshold 


Figures  6  and  7  shew  simulation  waveforms 
when  the  circuit  is  in  the  other  logic  state,  and 
the  input  is  a  damped  voltage  or  current  sinusoid 
at  1  MHz .  The  incident  cable  voltage  decays  from 
9  V  to  near  ze"o  in  10  cycles,  producing  a  peak 
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Fig.  6  -  Thermal  response  of  example  circuit 
with  damped  sine  input 
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Fig.  7  -  Thermal  response  of  example  circuit 
with  damped  sine  input  current 

SUMMARY 

A  technique  which  properly  accounts  for 
thermal  failure  of  semiconductor  devices  caused 
by  damped  slnewave  disturbance  akin  to  lightning/ 
EMF  cable  transients  has  been  described*  Excep¬ 
tional  accuracy  was  established  on  sample  parts 
and  a  circuit  that  had  a  well-conducted  test* 

The  authors  believe  that  this  technique  (as  em¬ 
bodied  in  the  SYSCAP  program)  should  dispel  any 


reasonable  conjecture  about  "unknowns"  when 
predicting  component  failure  levels  in  hardware 
subject  to  lightning/EMP  disturbances.  This  does 
not  imply  that  it  is  "easy"  to  obtain  such 
accuracy,  rather  it  points  out  that  the  inherent 
accuracy  is  there  if  enough  time  and  effort  are 
devoted  to  the  prediction  and  the  laboratory 
tests.  The  significance  of  this  paper  is  that 
the  technique  described  herein  is  readily  avail¬ 
able  to  the  lightning/EMP  community  via  the 
SYSCAP  program. 
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ABSTRACT 
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EM  fields  radiated  by  the  preliminary  cloud  breakdown, 
leader  steps,  and  the  return  strokes  in  cloud-to-ground  lightning 
all  exhibit  large  submicrosecocd  variations.  Values  of  the  maximum  . 
dE/dt  during  return  strokes  range  from  7  to  76  V/m/(U§£}  when  range-  OS (fC 

normalized  to  100  km,  with  a  mean  and  standard  deviation  of  33 
!Lf-  14  V/m/usjX  If  this  return  stroke  field  is  produced  by  a  single 

'Current  pulse  propagating  upward  at  a  speed  of  (lo8  msv'theh  the  (JO-fo-tfie 
above  values  of  dE/dt  Imply  that  the  maximum  dI/3t~Yanges  from 
35  to  355  kA^Wwith  a  mean  of  154(^)70  kA/<u£?  Leader  steps  Just 
above  the  ground  and  the  fast  components  of  large  cloud  pulses 
produce  dE/dt  signatures  that  are  often  surprisingly  similar  to 
those  from  return  strokes. 
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ALTHOUGH  THE  INTERACTIONS  of  lightning  with 
aircraft,  space  vehicles,  power  systems,  ships, 
and  other  structures  are  critically  dependent 
on  the  risetimes  apd  the  maximum  rates  of 
change  of  the  lightning  fields  and  currents, 
there  are  relatively  few  fast  time-resolved 
measurements  of  these  quantities  in  the  pub¬ 
lished  literature  (1)*.  For  the  past  several 
years,  the  University  of  Arizona  has  l  ien 
attempting  to  measure  the  E  and  dE/dt  signa¬ 
tures  produced  by  various  lightning  processes 
with  submicrosecond  resolution.  A  description 
of  the  apparatus  used  to  make  these  measure¬ 
ments  and  examples  of  the  data  have  been  given 
previously  by  Weidman  and  Krider  (2,3,4)  and 
Weidman  (5).  Here,  we  will  present  some 
inferences  of  the  maximum  rates  of  change  of 
the  channel  currents  that  have  been  derived 
from  the  E  and  dE/dt  fields. 

I.  EXPERIMENT 

We  have  endeavored  to  measure  the  E  and 
dE/dt  signatures  produced  by  known  discharge 
processes  under  conditions  where  the  results 
would  not  be  significantly  affected  either  by 
the  response  time  of  the  measuring  equipment 
or  by  ground  wave  propagation.  Two  experiment 
sites  were  chosen  where  the  lightning  and  the 
field  propagation  were  over  salt  water  so  that 
the  effects  of  propagation  were  minimal.  One 
site  was  near  Tampa  Bay,  Florida,  and  the  other 
was  at  the  NASA  Kennedy  Space  Center,  Florida. 

A  commercial  lightning  locating  system  (6,7) 
provided  the  locations  of  moat  cloud-to-ground 
flashes  within  about  100  km  of  each  site.  The 
field  sensors  and  recording  equipment  were 
placed  within  a  few  meters  of  the  shore,  again 
so  that  the  field  propagation  would  be  almost 
entirely  over  salt  water  to  the  recording 
equipment . 

E  signatures  were  recorded  on  both  a 
slow  and  a  fast  time  scale  so  that  the  type  of 
lightning  impulse  which  produced  the  dE/dt 
signature,  and  the  precise  time  within  the  E 
signature  that  the  dE/dt  occurred,  could  be 
determined.  The  E  field  measuring  system  had 
a  10  to  90%  risetime  of  about  40  ns,  and  the 
dE/dt  system  had  a  risetime  of  about  10  nsec. 

II.  RESULTS 

RETURN  STROKES  -  In  general,  the  shape  of. 
the  electric  fields  radiated  by  a  return  stroke 
depends  on  whether  it  is  the  first  return 
stroke  in  a  flash,  a  subseq. jnt  return  stroke, 
or  a  subsequent  return  stroke  that  is  preceeded 
by  a  dart-stepped  leader  (2) .  First  stroke 
fields  begin  with  a  relatively  slow  "front" 
which  rises  for  2  to  8  vs  to  about  half  of  the 
peak  field  amplitude.  This  front  is  followed 
by  a  fast  transition  to  peak,  and  it  is  this 
fast  transition  which  is  of  primary  interest 
in  this  report.  Subsequent  strokes  produce 

‘Number sin  parentheses  designate  References 
at  end  of  paper. 


fields  that  have  fast  transitions  very  similar 
to  first  Btrokes,  but  the  fronts  last  only"  0,5 
to  1  us  and  rise  to  only  about  20%  of  the  peak 
field  amplitude. 

A  reproduction  of  the  fast  field  transition 
produced  by  a  first  return  stroke,  and  a  histo- 
gram  of  measured  10  to  90%  fast  transition  rise- 
times  are  given  in  Fig.  1.  Note  that  the  mean 
risetime  is  only  90  ns  and  that  the  standard 
deviation  is  only  40  ns. 

The  width  of  the  fast  initial  peak  produced 
by  return  strokes  is  surprisingly  narrow.  Fig, 

2  summarizes  the  full  width  of  this  peak 
measured  halfway  between  the  onset  of  the  fast 
transition  or  breakpoint  and  the  peak  (FWHM). 
Note  that  the  mean  and  standard  deviation  of 
this  width  are  only  360  ±  140  ns. 

The  maximum  slopes  of  the  fast  field 
transitions  produced  by  return  strokes  are 
summarized  in  Fig.  3.  Here,  all  data  have 
been  range-normalized  to  100  km  assuming  there 
is  a  simple  inverse  distance  dependence  in  the 
amplitude  of  the  fast  transition,  AE.  The 
values  of  AE/At  in  Fig.  3  range  from  7  to  76 
V/m/ys,  and  the  mean  and  standard  deviation 
are  33  ±  14  V/m/ys.  These  data  are  plotted 
for  different  range  intervals,  and  from  these 
results  wc  infer  that  the  range-normalized 
values  do  not  have  a  significant  dependence  on 
distance . 

Fig.  4  shows  a  plot  of  the  range-normalized 
values  of  the  maximum  field  slope,  AE/At,  versus 
the  associated  range-normalized  AE.  There  is 
a  rather  large  scatter  in  the  points,  but  the 
best  linear  fit  to  these  data  has  a  slope  of 
9.1  ps”1,  and  the  correlation  coefficient  is 
0.71.  The  implications  of  Figs.  3  and  4  for  the 
maximum  current  derivative  in  return  strokes 
will  be  given  in  the  Discussion. 

STEPPED-LEADER  -  The  overall  shapes  of 
the  fields  radiated  by  individual  steps  of  the 
etepped-leader  have  been  discussed  by  Krider 
and  Radda  (8).  and  Krider,  et.  al.  (9).  As 
the  leader  nears  the  ground,  the  amplitude  of 
individual  step  impulses  increases-,  and 
occasionally  such  a  step  triggered  our  E  or 
dE/dt  recording  system  just  before  there  was 
a  return  stroke.  The  maximum  dE/dt  occurs 
during  the  initial  rise  of  the  step  waveform, 
and  values  of  this  quantity  derived  from  the 
initial  slopes  of  E  data  have  a  mean  and 
standard  deviation  of  27  i  9  V/m/ys  for  18 
steps.  The  shapes  of  the  leader  dE/dt  signa¬ 
tures  are  very  similar  to  those  from  return 
strokes,  and  the  maximum  dE/dt  values  for  3 
leader  steps  just  before  return  strokes  ranged 
from  30  to  45  V/m/ysec  at  100  km.  The  sub- 
micrcsecond  structures  of  leader  fields  have 
also  been  measured  by  C.  E.  Baum  and  associ¬ 
ates  (10,11). 

CLOUD  PULSES  -  The  overall  shapes  of  the 
larger  radiation  field  impulses  produced  by 
the  intracloud  discharge  processes  thst 
initiate  cloud-to-ground  lightning  and  also 
by  isolated  cloud  flashes  have  been  discussed 
by  Weidman  and  Krider  (12)  and  Baaslay,  et. 
si.  (13).  In  general,  the  shapes  of  these. 


pulses  tend  to  be  bipolar  with  several  fast, 
unipolar  Impulses  superimposed  on  the  initial 
half-cycle.  The  unipolar  structures  have  fast 
risetimes,  and  the  shapes  of  the  dE/dt  signa¬ 
tures  during  these  transitions  are  very  similar 
to  the  shapes  of  the  signatures  radiated  by 
return  strokes.  Values  of  the  maximum  dE/dt 
produced  by  11  cloud  impulses  have  a  mean  and 
standard  deviation  of  16  ±  8  V/m/ys  at  100  km. 

FIELD  AMPLITUDE  SPECTRA  -  The  dE/dt  signa¬ 
tures  radiated  during  the  fast  return  stroke 
transition  have  been  Fourier  analyzed  to  pro¬ 
vide  field  amplitude  spectra  over  the  frequency 
interval  from  about  1  to  20  MHz.  The  results 
for  24  first  and  5  subsequent  strokes  are 
shown  in  Figs.  5  and  6,  respectively,  together 
with  previous  spectra  published  by  Serhaa,  et. 
el.  (14)  and  Weidman,  et.  al.  (15).  Here,  the 
mean  spectral  amplitudes  are  given  in  dB  from 
a  reference  level  of  3  V/m/s,  and  all  data 
have  been  range-normalized  to  50  km. 

Fig.  5  shows  three  curves;  Curve  [1] 
represents  the  mean  spectrum  of  24  first  stroke 
signatures  that  have  not  been  corrected  for  any 
truncation  of  the  records  at  the  end  of  the 
finite  recording  interval.  In  Curve  [2],  any 
truncations  have  been  corrected  by  multiplying 
the  records  by  a  cosine  windowing  function. 
Curve  [3]  shows  the  mean  spectrum  of  6  strokes 
that  did  not  require  any  truncation  correction. 
Clearly,  Curves  [2]  and  [3]  are  probably  the 
best  approximation  to  the  true  return  stroke 
source  spectrum. 

Fig.  6  shows  the  mean  spectrum  of  5  sub¬ 
sequent  return  strokes.  Curve  [1]  is  the 
spectrum  of  data  that  have  not  been  corrected 
for  truncation  errors,  and  Curve  [2]  is  the 
spectrum  of  the  same  data  after  multiplication 
by  a  cosine  windowing  function.  Again,  Curve 
[2]  is  undoubtedly  the  best  approximation  to 
the  true  subsequent  stroke  source  at  the 
higher  frequencies, 

DISCUSSION 

Lightning  current  models  and  the  implica¬ 
tions  that  lightning  fields  have  for  lightning 
currents  have  beeu  discussed  by  Uman  and  Krider 
(1) ,  and  by  Baum,  et.  al.  (10).  If  we  assume 
that  the  Initial,  fast-rising  portions  of  the 
fields  produced  by  leaders,  return  strokes, 
and  cloud  impulses  can  all  be  described  by  a 
form  of  the  transmission  line  model  (1),  then 
the  maximum  rate  of  change  of  the  source 
current  is  related  to  the  maximum  field 
derivative  through  the  relation; 

dX  (t)  _  2tc  Dqp2  dE(t+D/c) 
dt  "  v  dt 

where  D  is  the  range  to  the  discharge,  v  is 
the  velocity  of  the  current  pulse,  and  where 
the  ground  has  been  assumed  to  be  flat  and 
perfectly  conducting.  This  relation  also 
assumes  that  the  measured  field  is  produced 
by  a  single  current  pulse  propagating  in  a 
single  channel. 

Fig.  7  shows  a  cumulative  distribution  of 
the  maximum  dl/dt  values  that  have  been 


computed  for  return  strokes  using  the  above 
equation  and  the  field  derivatives  plotted  in 
Figs.  3  and  4.  The  values  are  plotted  for  a 
velocity  of  10®  m/s,  and  the  dashed  lines  show 
velocities  of  0.6  X  10®  m/s  and  1.4  X  10°  m/s. 
Fig.  7  also  shows  the  maximum  current  deriva¬ 
tives  measured  during1  lightning  strikes:  to 
instrumented  towers  by  K.  Berger  in  Switzer¬ 
land,  as  reported  by  Anderson  and  Eriksson  (16), 
and  by  Garbagnatl,  et.  al.  (17)  in  Italy. 

Fig.  8  shows  estimates  of  the  maximum  dl/dt 
in  leader  steps  that  occur  just  prior  f>  a 
return  stroke  and  in  the  fast  structures  on 
cloud  impulses. 

It  should  be  noted  that  the  maximum  cur¬ 
rent  derivatives  that  are  inferred  from  the  E 
and  dE/dt  data  in  FigB.  3  and  4  tend  to  be 
substantially  higher  than  those  in  the  tower 
data.  This  might  be  because  the  towers,  which 
are  located  on  mountains  of  rock,  or  the  up¬ 
ward  connective  leaders  which  originate  from 
the  towers,  limit  the  maximum  rate  of  rise 
of  current  that  can  be  measured.  Another 
reason  might  be  that  the  E  and  dE/dt  data 
have  been  obtained  with  a  triggered  oscillo¬ 
scope  recording  system  that  may  not  have 
'recorded  all  of  the  smaller  signatures,  and 
this  might  have  biased  the  statistics  toward 
larger  values.  Finally,  if  the  fast  field 
transitions  are  produced  by  more  than  one 
current  pulse  radiating  simultaneously,  then 
our  Inferred  dl/dt  values  will  overestimate  the 
true  value  for  one  pulse.  Since  the  dl/dt 
values  in  Figs.  7  and  8  are  larger  than  the 
dl/dt  used  in  most  lightning  test  standards, 
we  think  these  problems  clearly  warrant 
further  study. 
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Fig.  1  -  A  histogram  of  the  10  to  90X  risetime 
of  the  fast  transition  In  return  stroke  E  fields 
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Fig.  6  -  The  mean  amplitude  spectrum  of  5 
subsequent  return  strokes  range-normalized 
,^to  50  km.  Curve  [2]  is  the  best  approxima¬ 
tion  of  the  true  source 
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Fig.  5  -  The  mean  aicplituda  spectrum  of  V, 
first  return  strokes  raaga-aormalizcd  to  50 
km.  Curves  [2]  mad  [3]  arc  the  bast  approx¬ 
imation  to  the  true  source  at  Higher  frequencies 
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Fig.  3  -  A  histogram  of  the  maximum  rate  of 
rise  of  the  fast  transition  in  return  stroke 
F.  fields  range-normalized  to  100  km 
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Fig.  4  -  Maximum  AE/At  during  return  Htrokea 
vs.  the  associated  AE 
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Fit*.  2  -  Histogram  of  the  full  width  at  half 
maximum  of  the  fast  peak  in  return  stroke  3 
fieldi) 
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Fig,  7  -  Cumulative  distribution  of  the 
maximum  dl/dt  during  lightning  return  strokes 
derived  from  measured  dE/dt  fields 
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ABSTRACT 

"M 

A  solution  is  presented  for  the  electromagnetic  fields  produced  by 
a  current  pulse  propagating  along  a  filamentary  path  apropos  of  light¬ 
ning  return  strokes.  This  solution  includes  the  effects  of  charge  transfer 
by  the  pulse.  It  is  obtained  following  traditional  procedureabut  modi¬ 
fying  the  electric  scalar  potential  to  insure  conservation  of  charge  at 
the  filament’s  ends^and  employing  a  relativistlcally  correct  relationship 
between  charge  and  current.  Conventional  solutions  can  be  obtained 
from  this  solution  by  employing  conservation  of  charge  to  rewrite  it  in 
terms  of  current  only;  however,  this  form  has  computational  advantages 
over  other  formulations  very  close  to  the  channel^ 

INTRODUCTION 

Determining  the  electromagnetic  fields  radiated  from  a  current  pulse 
propagating  along  a  linear  filament  is  a  classic  problem  in  electromagnetic 
theory  with  a  long  history  of  association  with  the  analysis  of  linear  an¬ 
tennas  [1 , 2, 3 , 4]  *.  It  is  also  a  problem  relevant  in  contemporary  at¬ 
mospheric  science  to  describe  radiation  from  lightning  return  strokes  [5, 
6,7],  In  the  analysis  of  antenna  performance  the  statics  (dc.)  compo¬ 
nent  of  the  solution  is  generally  not  of  concern;  however,  in  the 
lightning  discharge  large  quantities  of  charge  are  transferred  by  the  pro¬ 
pagating  pulse  and  so  to  properly  describe  the  fields  it  is  necessary  to 
predict  not  only  the  transient  behaviour  of  the  fields  but  also  to  obtain 
the  net  change  hr  the  electrostatic  field  when  the  transient  is  complete. 

Properly  including  electrostatic  effects  in  the  solution  to  Maxwell’s 
equations  involves  some  subtleties.  In  particular,  to  properly  predict 
electrostatic  effects  it  is  necessary  to  have  a  relationship  between  the 
sources  of  the  fields,  charge  and  current,  which  reduces  to  the  proper 
statics  value  of  the  quantity  when  there  is  no  time  variation.  Although 
it  may  not  be  possible  to  explicitly  obtain  such  a  relationship  In  general, 
the  required  relationship  can  be  obtained  in  the  special  case  of  charge 
and  current  which  propagate  at  constant  velocity  along  current  filaments. 
In  this  case  a  coordinate  transformation  (the  Lorentz  transformation) 
exists  which  converts  the  problem  to  a  purely  statics  situation  where 
only  one  source  quantity,  charge  density,  needs  to  be  specified  (for  ex¬ 
ample,  an  observer  running  beside  the  pulse  -it  exactly  the  velocity  of 
propagation  sees  only  a  static  charge  distribution  along  the  filament,  not 
charges  and  currents).  Hence,  to  obtain  a  consistent  relationship 
between  charge  and  current,  one  postulates  the  charge  distribution  in 
the  frame  of  the  running  observer  and  then  transforms  back  to  the  coor¬ 
dinate  frame  of  the  fixed  observer. 

In  this  paper,  a  solution  will  be  obtained  for  the  electromagnetic 
fields  close  to  a  lightning  return  stroke  by  using  the  preceding  procedure 
to  relate  charge  and  current.  The  return  stroke  will  be  modelled  as  a 
pulse  propagating  along  a  filament.  The  charge  and  current  on  the  fila¬ 
ment  will  be  determined  by  specifying  charge  density  In  the  frame  in 
which  the  pulse  is  at  rest.  Transforming  back  to  the  coordinate  system 
of  the  observer  determines  the  actual  charge  and  current  on  tire  filament. 
The  relationship  for  current  density  and  charge  density  so  obtained  is 
then  used  to  obtain  electric  scalar  and  magnetic  vector  potentials  and 
the  electromagnetic  fields  are  obtained  from  them  in  the  usual  manner. 

It  will  be  shown  that  the  conventional  forms  for  the  fields  radiated  from 
return  strokes  using  the  transmission  line  model  can  be  obtained  from 
this  formulation;  however,  the  solution  presented  here  has  the  advan¬ 
tages  of  explicitly  identifying  the  contribution  due  to  charge  accumula¬ 
tion  at  the  channel  end  points,  an  effect  which  is  dominant  for  observers 
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RADIATION  FROM  A  FILAMENT 

Until  relatively  recently  the  Ugfatamg  lnhiigs  wee  s 
ele'tric  dipole  and  the  electromagnetic  fields « 
dipole  to  be  a  point  source.  Such  a  solution  is  ranee  a  ■ 
mation  in  the  lightning  literature.  This  model  is  good  let  very  lens  fre¬ 
quencies  snd  very  distant  dischargee  [7,  g) ;  however,  it  is  jandaqnsee  is 
predict  modern  wideband  measurements  of  the  t remnant  teatantion  from 
return  strokes  [7] .  Models  developed  to  predict  modem  day  aaamee- 
ments  assume  that  the  discharge  consists  of  a  current  pulet  prrvprfistmg 
along  the  discharge  channel  (and  for  taka  of  simplicity,  it  it 
assumed  that  the  channel  is  a  filament).  This  modal  it  sometimes  reiened 
to  as  a  “transmission  line’’  model  [6]  and  waa  nngjmlsrl  by  Dannit  and 
Pierce  [S]  and  developed  formally  by  M.  Uman  and  coilaaguea  (1,9, 10] 
who  also  demonstrated  a  first  order  agreement  with  data  [8] .  la  this 
section  a  solution  will  be  presented  for  the  electromagnetic  fields  radiated 
by  such  a  model  discharge,  and  in  subsequent  sections  this  solution  will  be 
compared  with  other  solutions  which  have  appeared  in  the  literature. 

Consider  sources  J  and  p  of  arbitrary  shape  propagating  along  a 
straight  filament  at  constant  velocity,  v.  Letting  x  be  a  unit  vector  along 
the  filament  in  the  direction  of  propagation,  the  current  density  7  and 
charge  density  p  can  be  written  in  the  form: 


,  2  -7 

7(7,  t)  -  27-(t-  — ) 

0.) 

V 

2  •  r 

P(f,t)  -  p(t - ) 

V 

(lb) 

A  solution  for  the  electromagnetic  fields  E  and  B  radiated  by  thoso_ 
sources  can  be  obtained  hr  terms  of  the  magnetic  vector  potentials  A  and 
the  electric  scalar  potential  0  following  standard  procedures  (11, 12, 

13] ,  In  the  absence  of  boundaries  one  obtains: 
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"Numbers  in  parentheses  designate  References  it  end  of  paper. 


In  Equation  3,  the  square  brackets,  [  ] ,  denote  “retarded”  quantities: 
time  is  replaced  by  t  —  R/c  where  R  “  1 7  —  7(  I  is  the  distance  be¬ 
tween  the  source  point  7'  and  the  observation  point,  T.  For  example , 
the  retarded  current  density  is  [7  J  *  57  (t  -  £  *7 7 v  —  R/c). 

Equations  2  and  3  are  not  a  complete  jolution  for  the  fields  because 
the  sources  7  and  p  and  the  potentials  A  and  <j>  are  not  independent 
quantities  (l.e.,  cannot  be  independently  specified).  7  and  p  must 
satisfy  conservationof  charge  V*  J  +  dp/dt  ■  0  on  the  filament 
and  the  potentials  A  and  <j>  are  related  by  the  Loren  tz  gaugs  condition 
V  •  A  +  1/c2  3^/3t  ■  0.  It  is  common  practice  to  use  conservation  of 
charge  or  the  Loren  tz  gauge  to  remove  the  explicit  dependence  on  p 
from  the  solution  [11,13].  However,  the  approach  in  this  paper  will  be 
to  determine  the  relationship  between  7  and  p  explicitly  and  to  keep 
both  in  the  solution. 

in  order  for  the  solution  to  be  correct  for  both  time  varying  and  i ta¬ 
ke  fields,  a  relationship  between  T  and  p  is  required  which  satisfies 
curtareatmn  ot  charge  and  also  reduces  to  the  correct  current  and 
<h ergs  when  there  is  no  time  variation.  Although  it  may  not  be  possible 
to  obtain  such  a  rebtionthip  in  general,  the  required  relationship  can  be 
obtained  for  points  propagating  on  linear  filaments.  In  this  case  t  trans- 
forum  frost  of  roomhwatsa  (die  Loeentz  transformation)  exists  which 
ccawerts  the  problem  into  a  purely  statics  problem  where  only  one 
source  quantity,  charge  density,  needs  to  be  specified.  In  particular,  an 
observer  running  bench  the  pulm  at  exactly  the  velocity  of  propagation 
sees  rudy  a  static  chasgs  distribution  along  the  filament,  not  charger  and 
currents.  Hears;,  to  obtain  a  consistent  relationship  between  charge  and 
current  one  need  postulate  only  the  charge  distribution  in  the  frame  of 
the  running  obeatvar  (statics)  and  than  transform  back  to  tha  laboratory 
coordinate  frame  to  obtain  J  and  p.  The  relativiatkaiiy  correct  way  of 
dotog  this  it  by  means  of  a  Lureutz  transformation.  One  obtains: 


or 


t 


where  the  integration  in  Equation  7b  starts  when  the  current  pulse 
reaches  the  end  point  and  it  has  been  assumed  that  there  is  no  charge  at 
the  end  point  before  the  pulse  arrives.  Q  is  a  point  charge  at  the  end  of 
the  filament  and  the  electric  scalar  potential  4‘tod  associated  with  this 
charge  can  be  obtained  from  Equation  3b  using  a  delta  function  distribu¬ 
tion.  One  obtains; 


M0c2  Qe(t-  Rg/c) 
4ir  Re 


(8) 


where  Rg  is  measured  from  the  end  point  to  the  observer  and  Q^t)  is 
zero  until  the  pulse  reaches  the  end  point  (at  t ■ t^). 

A  complete  solution  for  the  case  of  pulses  propagating  along  a  current 
filament  can  now  be  constructed.  It  consists  of  Equations  2  and  3  sub¬ 
ject  to  the  constraints  between  T  and  p  given  in  Equation  5  and  with 
the  addition  of  Equation  8  to  the  electric  scalar  potential  to  account  for 
the  end  points.  Two  terms  of  the  fonn  given  in  Equation  8  are  required, 
one  at  each  end  of  the  filament.  The  complete  solution  for  E  and  B  is: 
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where 


(9b) 


7(r,t)  «  vp(T.t)  -  fivpCr.t) 


(5) 
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where  p0( 7  )  is  the  electrostatic  charge  distribution  on  the  filament 
which  must  be  specified.  It  is  easy  to  see  tliat  tills  result  satisfies  con¬ 
servation  of  charge  and  clearly  it  reduces  to  the  electrostatic  result, 
p0(r),  when  v  ■  0. 

If  the  filament  is  infinitely  long  then  this  is  all  tint  is  required  to 
complote  the  solution.  However,  if  the  filament  is  finite,  additional 
conditions  are  required  to  guarantee  conservation  of  charge  at  its  ends. 
For  this  purpose  assume  that  at  the  ends  current  is  converted  to  charge 
and  for  simplicity  that  the  charge  ia  located  in  a  single  point  right  at  the 
end  of  the  filament.  To  find  the  appropriate  relationship  belwoen  7 
and  p  conservation  of  charge  can  be  applied  at  these  end  points.  To  do 
so  imagine  a  small  sphero  centered  at  the  end  point.  Integrating  over  the 
volume  of  the  sphere  and  using  the  divergence  theorem,  one  obtains: 
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-7  *2  (6) 


and  letting  Q  *  ///pdv  one  can  write: 
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where  a,  b  denote  the  two  ends  of  the  filament  and  t,  g  are  the  times 
when  current  arrives  at  the  end  point.  The  aign  in  Equation  1  lb  has  been 
chosen  so  that  the  charge  is  positive  if  current  flows  into  the  end  point 
and  negative  if  current  flows  away. 
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Equations  9-1 1  satisfy  Maxwell’*  equations,  satisfy  conservation  of 
charge,  and  reduce  to  electrostatics  when  v  «  0.  In  addition,  it  will  be 
shown  below  that  the  more  traditional  forms  of  the  solution  canbe  de¬ 
rived  from  them.  It  is  interesting  to  note  that  Equations  10  for  A  and 
<p  satisfy  the  Lorentz  condition,  but  only  with  the  correction  term 
^cnds  added  to  the  scalar  potential.  In  fact,  it  can  be  shown  that  the 
Lorentz  gauge  condition  implies  the  end  conditions  deduced  here  to 
satisfy  conservation  of  charge  (see  Appendix  A). 

The  electromagnetic  fields  E(r,  t)  and  B(r,t)_car.  be  obtained  from 
Equations  9-1 1  by  substituting  the  potentials  A  and  0  into  Equation  9. 
The  electric  field  intensity,  E(r,t)  can  be  obtained  in  terms  of  J,  (the 
most  common  form)  by  substituting  Equation  10  into  Equation  9  ar  ' 
then  using  Equation  1 1  to  eliminate  p,  One  obtains: 
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where  it  has  been  assumed  that  current  starts  at  the  “a”  end  of  the  fila¬ 
ment  and  propagates  to  the  “b”  end  and  the  sign  from  Equation  1  lb  ha* 
been  included  explicitly  by  letting  Q#(j,  both  be  positive.  The  magnetic 
flux  der-*ty,l£(r,t)  can  be  obtained  by  substituting  Equation  10a  into 
Equation  9a  to  obtain: 


OTHER  FORMS  OF  THE  SOLUTION 

Several  different  forms  of  the  solution  for  the  electromagnetic  fields 
produced  by  the  transmission  line  model  for  the  lightning  discharge  have 
appeared  in  the  literature  [7, 10, 14, 15, 16] .  These  solutions  differ  in 
the  form  given  for  the  electric  field,  E(7,t).  It  will  be  shown  in  this  sec¬ 
tion  that  Equation  12a  for  E(7,t)  is  equivalent  to  theae  other  more  tra¬ 
ditional  forms. 

One  alternate  form  for  the  electric  field  intensity,  B(T,t),  can  be  ob¬ 
tained  by  substituting  Equations  3  into  Equation  2b  and  then  using 
conservation  of  charge  to  eliminate  the  derivative  of  charge  density 
which  appears.  This  is  a  procedure  described  by  Panofsky  and  Phillips 
[11]  and  permits  explicit  identiflcaEon  of  the  “radiation"  terms  in  die 
solution  for  the  fields.  In  recent  work,  Leise  and  Taylor  [16]  adopted 
tlifs  form  of  the  solution  to  study  radiation  from  lightning  return  strokes. 
Unfortunately  with  this  solution,  if  one  does  not  start  with  an  electrio 
scalar  potential  modified  to  ensure  conservation  of  a  charge  at  the  ends  of 
the  filament,  the  form  obtained  does  not  properly  predict  the  electro¬ 
static  components  of  the  fields.  A  correct  fonn  of  this  solution  will  be 
presented  below  by  starting  with  the  properly  modified  form  of  the 
electric  scalar  potential  (Equation  10b)  and  the  errors  that  can  occur 
when  end  eff^s  arc  neglected  will  be  pointed  out.  Another  form  for 
the  electric  field  intensity  E(7,  t)  can  be  obtained  by  using  conservation 
of  charge  to  completely  eliminate  charge  density,  p,  from  the  solution. 

In  this  case  an  expression  for  E(‘f  ,t)  is  obtained  in  terras  of  ounrent  den- 
tlty,J,  with  no  explicit  dependence  on  end  conditions.  In  the  frequency 
domain,  this  solution  is  the  traditional  form  obtained  from  the  magnetic 
vector  potential,  A,  by  using  the  Lorentz  gauge  condition  to  eliminate 
the  electric  scalar  potential,  <fi,  from  the  solution  [13, 17] ;  or  equiva¬ 
lently  this  is  the  solution  obtained  using  the  free  spice  dyadic  Green’s 
function  to  express  Bin  terms  of  T  [18],  This  is  the  form  of  the  solu¬ 
tion  which  has  been  used  moat  extensively  In  the  study  of  radiation  from 
lightning  [6] .  It  correotly  scceunt*  for  electrostatic  effects  because  the 
Lorentz  gauge  condition,  which  is  used  to  obtain  this  form  of  the  solu¬ 
tion,  is  equivalent  to  the  end  conditions  deduced  in  the  preceding  section 
(see  Appendix  A).  However,  the  end  condition*  are  not  explicit  in  this 
solution  and  it  is  not  readily  apparent  that  the  underlying  model  to 
which  this  solution  pertains  is  that  of  a  current  pulse  which  propagates 
up  the  channel  and  then  deposits  charge  in  a  point  at  the  channel  tetmi- 
nus.  These  two  altomate  forms  of  the  solution  will  be  discussed  in  detail 
below. 

The  form  for  E(r,t)  obtained  by  Panofsky  and  Phillips  [11]  to  expli¬ 
citly  separate  “radiation”  terms  can  be  derived  by  beginning  with  Equa¬ 
tions  2  and  3  and  then  using  conservation  of  charge  to  eliminate  the 
derivative  of  charge  denaity  p  which  appear*  when  Equation  3b  ia  substi¬ 
tuted  into  Equation  2b.  A  similar  procedure  will  be  followed  here  but 
beginning  with  Equation*  9  and  10  to  insure  that  conservation  of  charge 
is  satisfied  at  the  filament’s  end  points.  The  required  manipulations  are 
accomplished  most  conveniently  in  the  frequency  domain.  Thus,  Fourier 
transforming  Equations  9  and  10,  one  obtains: 
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The  solutions  above  apply  to  arbitrarily  oriented  filaments  in  tho 
absence  of  boundaries,  in  application  to  lightning,  and  in  many  other 
engineering  applications,  the  filament  is  above  a  ground  plane.  When  the 
ground  plane  ia  perfectly  conducting  (not  unreasonable  for  the  earth  at 
frequencies  of  interest  in  studies  of  lightning)  the  boundary  can  be 
taken  Into  account  by  adding  image  sources  to  the  solution.  The  solu- 
tioirfor  images  has  the  form  giver,  above  with  Sj  ■  k  -  2  (5  •  2)  l  and  f)  ■ 
r  +  2  z  l  [14] .  The  examples  to  be  presented  later  are  of  the  fields 
radiated  from  illamcnta  above  a  perfectly  conducting  ground  plane  and 
have  been  obtained  by  Including  Image  sources  In  this  manner. 
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where  k  =  cq/c  and  it  has  been  assumed  that  the  pulse  propatages  from 
end  (aj  to  end  (b).  Substituting  Equations  13b-c  into  13a  yields 
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_  None  of  the  manipulations  done  so  far  depend  on  the  specific  form  of 
J  or  p  or  whether  or  not  the  sources  propagate  on  filaments.  However, 
(14b)  by  restricting  the  result  to  the  specific  case  of  filaments  additional  sim¬ 
plification  can  be  ootained.  For  currents  propagating  on  filaments  J  = 

£  J  and  so  V'  •  [  J  gRj]  =  £  •  V'QgRji  and  one  can  we  write : 


Now  using  conservation  of  charge,  which  in  the  frequency  domain  is 
^  ■  J  —  jkc  p  =  0  to  eliminate  the  jkc  p  term  in  Equation  14  in  terms 
of  0  •  J  one  obtains 
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where  g  =  (1/R)  exp  (jkR).  Now  consider  the  term  (V  •  J)  g  VR.  Using 
the  rcla  donship  V  •  (g  J )  =  gV-J  +  7  •  Vg  and  introducing  the 
notaticn  Rj  *  x;  •  VR  one  obtains 


(V'-J)gVR  =  2  x;[V'  •  (IgRjj-J  ■  V(gR.)]  (16) 

and  noting  that 

£  Xji7’  V'(gRj)]  =  -[7  -  (jk  -  2/R)  (7  ’  VR)  VR]  g  (17) 


one  obtains 


where  g-  ^  =  1/Ra  ^  e^kR*.b  and  where  d  .£' is  a  differential  length 
along  the’ filament.  Consequently,  in  the  case  of  filaments,  the  last  inte¬ 
gral  in  Equation  18  becomes  (Poc/4ir)  E[  Jgj,  VR^  -  Jga  VRa] .  This 
term  cancels  one  of  the  terms  in  Eenj(  v  )  due  to  the  charge  build-up  at 
the  filament  ends,  and  one  obtains 
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Inverting  the  Fourier  transf  m  yields  the  time  dependent  form  of  the 
solution: 
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Several  comments  are  in  order.  Pint,  Equations  21  as  they  stand  do 
not  reprejent  a  complete  solution  for  E(7,t)  because  the  relationship 
between  J  and  p  has  not  been  specified.  If  J  =  pv  is  used,  then  the 
solution  is  complete  and  is  just  a  rearrangement  of  Equation  12a.  (The 
equivalence  of  Equations  21  and  1 2a  has  been  verified  numerically  and 
examples  will  be  presented  below.)  Second,  Equation  21  is  almost,  but 
not  quite,  the  form  obtained  by  Panofsky  and  Phillips  [11].  The  differ¬ 
ence  is  the  last  term  p0c2/47r([Qb]  VR(,/R^_  [Qa]  VRg/Rjj  which  is 
not  present  in  the  Panofsky  and  Phillips  solution.  In  deriving  their  solu¬ 
tion  for  E(  7,t)  Panofsky  and  Phillips  follow  a  orocedure  identical  to  tnat 
outlined  above  except  that  they  begin  with  Equation  3b  for  0  and  not 
Equation  10b  as  was  done  here  (that  is,  end  conditions  to  guarantee 
conservation  of  charge  are  not  included).  Also,  in  their  derivation, 
Panofsky  and  Phillips  set  the  summation  in  Equation  18  equal  to  zero 
using  an  argument  (see  reference  1 1  page  397)  which  is  not  true  for  fila¬ 
ments  of  finite  length.  Both  assumptions  are  valid  in  the  case  of 
currents  which  are  continuous  and  differentiable; however,  for  filaments 
of  finite  length,  end  conditions  and  the  summation  in  Equation  18  must 
be  included. 

The  net  effect  of  taking  end  conditions  into  account  and 
evaluating  the  summation  in  Enuation  18  for  filaments  is  the  last  term  in 
Equation  21.  This  term  has  the  form  of  a  statics  electric  field  due  to  a 
point  charge  Q  located  at  the  ends  of  the  filament.  Clearly  it  will  be  im¬ 
portant  lor  observers  close  to  th->  filament’s  end  points  and  it  will  be  im¬ 
portant  at  times  after  current  stops  propagating  along  die  channel.  In 
fact,  when  t  -♦'“this  term  is  just  the  static  electric  field  due  to  a  charge 

Q  =  — /  J  •  2  dt  transferred  by  the  current  from  one  end  of  the  fila- 
X) 

ment  to  the  other.  In  contrast  the  first  three  terms  in  Equation  21  go  to 
zero  as  t  -♦'“because  by  f.en  J  =  0.  The  relative  importance  of  these 
terms  is  illustrated  in  the  numerical  results  (Fig.  3)  to  be  presented  in  tb-* 
following  section. 

A  second  form  for  E(7,t)  can  be  obtained  by  using  conservation  of 
charge  to  eliminate  the  remaining  dependence  on  charge  density  ir  Equa¬ 
tion  21.  The  substitution  is  also  most  easily  done  in  the  frequenc;'  do¬ 
main  (Equation  20).  Thus  substituting  p  =  V*  J/jkc  into  the  second 
term  in  Equation  20  one  obtains: 
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and  now  using  Equation  )  6  with  g  replaced  by  g/R,  noting  that 
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Substituting  fiiis  into  Equation  20  leads  to  the  frequency  domain  form: 
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and  transforming  back  to  the  time  domain  yields: 
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where  the  square  brackets  (e.g.,  [1])  mean  the  leturded  form.  Equation 
25  is  a  standard  result  found  in  many  textbooks  on  electrnmugnetic 
theory,  and  its  Fourier  transform,  Equation  2b,  is  the  form  of  the  solu¬ 
tion  employed  extensively  to  study  radiation  from  lightning  return 
strokes  by  Uman  and  colleagues  [6,8,9, 19,  20] .  Notice  that  Equation 
25  can  be  written  in  the  form 


E(r,p)  =  jwpl  J  ■  G  ( r  /  r  )  (i  7 


(27) 


where  G(r/r')  is  the  conventional  form  for  the  free  space  dyadic  Green's 
function  [18] .  Also  notice  that  auxiliary  conditions  necessary  to  guaran¬ 
tee  conservation  of  charge  at  die  filament  ends  no  longer  appear  expli¬ 
citly  in  the  solution  for  E(  r  ,t).  However,  clearly  diey  are  included  in 
Fquations  25  and  26  because  these  equations  w,  re  obtained  starting  with 
an  electric  scalar  potential  (Equation  10b)  which  included  contributions 
at  the  endr.  Equation  25  can  also  be  obtained  in  an  alternate;  more 
direct  manner  without  reference  to  end  condition.'  a;  all.  One  car  begin 
with  the  definition  E  =  —  V0  -  dA/dt  and  then  use-  iht  LOxciVvi  £3Ugv 


and  using  Equation  19,  one  obtains 
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70-5 


i 
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Substituting  for  A  from  Equation  9b  yields  Equation  25,  and  inverting 
the  Fourier  transform  leads  to  Equation  26.  Special  conditions  to 
guarantee  conservation  of  charge  at  the  filament  end  points  are  never 
explicitly  required  in  this  approach.  However,  they  are  implicit  in  the 
Lorentz  gauge  condition  as  is  shown  in  Appendix 


NUMERICAL  RESULTS 


In  the  preceding  sections  several  different  forms  have  been  obtained 
for  the  electric  Field  radiated  by  a  pulse  propagating  along  a  filament. 
These  are  Equation  12a  which  was  obtained  directly  from  the  electro¬ 
magnetic  potentials  after  modification  to  include  end  conditions;  the 
Panofsky  and  Phillips  form  of  the  solution  which  is  obtained  by  using 
conservation  of  charge  to  eliminate  certain  terms  involving  charge  density 
and  which  is  given  in  its  complete  form  by  Equation  21  and  in  the  form 
appearing  in  the  literature  by  the  first  three  terms  of  Equation  21 ;  and 
finally  the  "classical"  form  of  the  solution  (Equation  26)  which  is  the 
most  common  form  for  E(7,t)  and  which  was  obtained  here  by  using 
conservation  of  charge  to  eliminate  all  explicit  dependence  on  charge 
density.  The  classical  solution  can  also  be  obtained  from  the  magnetic 
vector  potential  by  using  the  Lorentz  gauge  condition  to  eliminate  the 
scalar  potential  from  the  expression  for  the  electric  field  (Equation  2b) 
and  can  even  be  derived  ditectiy  in  the  time  domrin  following  a  proce¬ 
dure  outlined  by  Uman,  McLain  and  Krider  [15].  Examples  of  L(T  ,t) 
predicted  by  these  solutions  will  be  presented  in  this  section. 

Examplei  of  E(r',t)  have  been  obtained  by  computing  Hie  electric 
field  at  a  fixe  i  observation  point  for  filaments  rcpresentati\e  of  lightning 
return  strokes.  An  example  filament  is  shown  in  Fig.  1 .  This  tortuous 
path  was  created  by  connecting  short  straight  segments  end-to-end  in  a 
random  walk  in  a  manner  suggestive  of  the  way  the  stepped  ieader  forms 
die  channel  in  cloud-to-grcund  lightning  discharges  [14] .  To  obtain 
E(T,t)  for  the  tortuous  path,  the  solution  for  electric  field  (Equations 
1 2a,  21  or  26)  is  applied  to  each  linear  segment  separately  and  the  results 
added,  keeping  track  of  phase  as  the  pulse  advances  up  the  filament.  The 
filament  is  assumed  be  above  a  perfectly  conducting  ground  plane 
"Mth  tiie  lower  end  tnuciiing  the  plane.  The  effect  of  the  ground  plane  is 
handled  by  including  appropriate  image  currents  and  charges  [14] .  The 
pulse  propagating  up  tire  channel  was  chosen  so  that  the  current  on  the 
filament  is  representative  of  the  current  in  lightning  return  strokes,  hi 
particular,  the  exponential  model  suggested  by  Bruce  and  Goide  [21  ] 
and  subsequently  modified  to  include  additional  terms  [22,23]  has  been 
adopted  for  the  current  J(t)  or.  the  filament  in  the  following  form : 


J(t)  » 


V* 


-at 


)  t  IUe^-e”61) 


(29) 


The  parameters  were  chosen  to  be  representative  of  first  return  strokes 
[5]  :  Ip  3  3f)kA;  1(  =  2.S  kA;<*  =  4  x  10^  sec'1  ;(3  =  8  x  10$  sec-' ; 

■y  =  1(P  sec_l ;  8  =  2  x  10“*  sec*' .  The  current  pulse  is  assumed  to  pro¬ 
pagate  up  tiie  channel  at  constant  velocity,  v,  and  in  the  case  of  the  tor- 
iuous  char  -1  shown  in  Fig.  I ,  the  value  v  =  c/3  =  10®  m/s  was  used. 

Fig.  2  shows  the  electric  field  seen  by  an  observer  on  the  ground  at 
several  distances  from  the  channel  shown  in  Fig.  1 .  Very  far  from  the 
channel,  file  radiation  term  in  the  solution  (first  tetm  in  Equations  2 1 
and  26)  is  dominant.  In  this  case,  one  can  show  [7, 14]  that  each  of  the 
Wilks  in  the  tortuous  path  behaves  like  a  radiating  source  and  as  a  result, 
the  observer  sees  the  irregular  waveform  evident  in  the  lower  panel  in 
Fig.  1  (500  km).  When  the  current  pulse  reaches  the  top  of  the  channel 
(in  about  20  ms)  an  electric  field  waveform  liaving  the  shape  of  the  current 
pulse  is  radiated,  resulting  in  the  smooth  overshoot  evident  in  the  ex¬ 
ample,  These  fa;  field  characteristics  of  the  radiated  field  can  be  estab¬ 
lished  independently  using  a  fraunhofer  approximation  to  obtain  the 
solution  [7, 14  j .  As  one  moves  closer  to  the  channel  other  terms  ir.  the 
solution  become  more  apparent.  For  example,  at  5  km  from  the  channel 
tire  radiation  terms  are  still  clearly  apparent  in  the  early  portions  of  E(t) 
while  the  pulse  propagates  up  the  channel,  but  after  it  reaches  the  top  of 


the  channel  an  electrostatic  term  due  to  charge  deposited  at  the  channel 
end  point  becomes  evident.  At  1  krn  from  the  channel  the  radiation 
terms  are  still  noticeable  but  arc  only  a  small  perturbation  on 
the  total  electric  field  seen  by  the  observer,  and  at  500  m  from  the 
channel  file  radiation  terms  arc  virtually  unidentifiable.  By  the  time  the 
observer  is  SO  m  from  the  channel  the  character  of  E(T,t)  has  changed 
completely  from  its  far  fieL,  form  which  was  dominated  by  radiation 
terms  to  a  shape  which  can  be  explained  quite  well  with  purely  electro¬ 
static  arguments.  For  example,  one  can  obtain  *he  waveform  at  50  m  by 
neglecting  currents  and  imagining  a  pulse  of  charge  which  moves  up  the 
channel.  Initially,  as  the  charge  emerges  from  the  channel  base,  there  is 
a  rapid  increase  in  the  electric  field  both  because  an  increasing  length  of 
channel  is  becoming  charged  (the  pulse  has  finite  width)  and  because  the 
vector  from  the  location  of  the  charge  to  the  observer  changes  from 
purely  horizontal  at  the  channel  base  to  a  vector  having  a  vertical  (z- 
dirccted)  component.  Then  as  the  charge  moves  up  the  channel,  the  dis¬ 
tance  between  observer  and  charge  increases  and  as  a  result  the  electric 
field  decreases.  Tliis  trend  continues  until  eventually  the  charge  reaches 
the  top  of  the  channel.  The  final  value  is  the  electric  field  predicted  by  a 
point  charge  at  the  tip  cf  the  channel.  This  behaviour  is  clearly  evident 
in  Fig.  2  at  50  iu  from  the  channel  and  is  apparent  even  in  the  case  of  an 
observer  500  m  from  tire  channel.  Foi  closer  observers  the  amplitude 
grows  but  the  overall  shape  of  E(7,t)  is  as  seen  in  the  example  at  50  nr. 

An  important  consequence  of  the  electrostatic  nature  of  E(7,t)  when 
the  observer  is  close  to  the  channel  is  that  the  rate  of  change  of  the  elec¬ 
tric  field  early  in  the  waveform  (e.g.,  t  ~  20  ps)  can  be  very  large.  This  is 
due  to  the  increasing  amount  of  charge  on  tire  filament  but  also  because 
of  tire  rapidly  changing  vertical  component  of  the  vector  from  tire  loca¬ 
tion  of  charge  on  the  channel  to  the  observer.  The  change  in  this  vector 
component  is  a  purely  geometric  phenomena  and  can  be  very  large.  As  a 
result ,  observers  close  to  the  channel  can  experience  larger  values  of  the 
rate  of  change  of  electric  field  (dE/dt)  than  appear  in  tire  radiation  fields 
or  are  implied  by  the  current  waveform  propagating  up  the  channel. 

It  was  pointed  out  in  the  preceding  sections  that  the  version  of  the 
Panofsky  and  Phillips  form  for  £("•'  t)  that  appears  in  the  literature  (first 
3  terms  in  Equation  21)  does  not  properly  predict  electrostatic  condi¬ 
tions  at  the  filament  ends.  This  is  illustrated  in  Fig.  3  which  shows  the 
complete  solution  (Equations  12a,  21  or  26)  and  the  unconected  Panof¬ 
sky  and  Phillips  form  at  several  distances  from  the  tortuous  channel  (Fig. 
1).  The  solid  line  is  tire  complete  solution  and  tne  dashed  line  is  the 
uncorrected  Panofsky  and  Phillips  form.  Both  forms  are  correct  initially 
(0  <  t  <  20  ms)  because  in  this  time  period,  the  current  has  not  yet 
reached  the  top  of  the  channel.  However,  once  the  current  pulss  reaches 
the  top  of  the  channel  charge  builds  up  there,  and  the  contribution  of 
this  charge  to  E(T,t)  is  not  included  in  the  uncorrec  • A  t  nn  of  solution. 
This  is  clearly  evident  in  Fig.  3  where  it  is  seen  that  the  uncorrected  solu¬ 
tion  goes  to  zero  after  the  current  pulse  reaches  tire  top  of  the  channel 
because  current  ceases  to  flow,  but  the  complete  form  of  the  solution 
(al)  -eims  in  Equation  21)  goes  to  a  non-zero  static  value  which  is  just 
the  contribution  due  to  a  point  charge  at  the  top  of  tire  channel. 

It  was  sir  own  in  the  preceding  section  that  all  complete  forms  of  the 
solution  (Equations  12a,  21 ,  and  26)  are  mathematically  equivalent. 

Tha*  is,  they  predict  the  same  E(7,t),  In  particular,  the  curves  shown  in 
Fig.  2  can  be  obtained  ’with  any  of  them.  However,  the  solutions  aren’t 
equally  convenient  to  use  in  computations  of  the  electric  field.  In  par¬ 
ticular,  for  observers  very  close  to  tire  channel,  the  common,  "classical”, 
form  of  the  solution  (Equation  26)  frequently  predicts  very  misleading 
results  unless  special  attention  is  paid  to  perform  especially  accurate 
numerical  integration.  An  example  of  the  problems  which  can  be  en  - 
countered  is  shown  in  Fig.  4  which  shows  the  electric  field  at  1  m  from  a 
long  (1  krn)  straight  vertical  channel  (Fig.  5),  The  solid  curve  was  ob¬ 
tained  from  Equations  3 2a  and  21  and  the  dashed  curv;  was  obtained 
using  til :  classical  form  of  the  solution  (Equation  26' .  Three  cases  are 
shown  which  differ  only  in  tile  size  of  the  increments  used  to  compute 
Uie  integrals  in  fire  various  solutions.  The  increments  were  0.67  m, 

0.5C  m,  and  0.40  m,  respectively  (1 .0  m  =  1000  samples  per  1  km  channel). 
Clearly,  the  E(7,t)  obtained  from  Equations  12a  and  21  are  relative  in¬ 
sensitive  to  the  jr.crer.ients  used.  Changes  hi  the  second  or  third  signifi¬ 
cant  figure  for  E  (  7,t)  were  observed.  With  sufficiently  accurate 
numerical  iniegration,  the  classical  form  of  the  solution  also  predicts  the 
same  electric  field  waveform  (top  curve  in  Fig.  4).  However,  with 
larger  increments  in  the  numerical  integration,  the  classical  solution  can 


predict  radically  incorrect  wavefonns._Tlie  problem  with  this  form  of 
tlie  solution  is  not  just  with  errors  in  11(7,0  hut  in  the  fact  that  the  en¬ 
tire  shape  of  the  waveform  can  change  dramatically.  This  difficulty  with 
the  classical  form  of  the  solution  appears  when  the  observer  is  close  to 
the  filaments  and  the  last  term  in  Equation  26  is  important. 


CONCLUSIONS 


To  demons  tratejhis,  Equations  10  are  substituted  into  the  Lorentz 
gauge  condition:  V'A  +  1/c^  3d/9t  =  0.  This  is  most  conveni¬ 
ently  done  in  the  frequency  domain  in  which  case  the  potentials  have  the 
form: 

u  C  fJkS 

A(r,n)  -  ~  I  J(rV)— —  dr’  (Al) 

4tt  J  R 


A  solution  has  been  presented  here  for  tire  electromagnetic  fields  pro¬ 
duced  by  a  current  pulse  propagating  along  a  filamentary  path.  This 
solution  reduces  to  the  proper  statics  solution  if  the  velocity  of  propa¬ 
gation  goes  to  zero  and  includes  the  effects  <d  charge  transfer  by  the 
current  pulse  front  one  end  of  the  filament  to  the  other.  It  was  obtained 
following  traditional  procedures  but  by  modifying  the  electric  scalar 
potential  to  insure  conservation  of  charge  at  the  filament’s  ends  and  by 
employing  a  relativistically  correct  relationship  between  charge  density, 
p,  and  current  density,  J. 

It  was  shown  that  this  solution  is  equivalent  to  more  conventional 
forms  for  the  electric  field.  In  electromagne'ic  theory .  one  of  two  ap¬ 
proaches  is  generally  followed  for  determining  the  fielu ,  from  given 
sources  J  and  p.  One  approach  involves  tne  introduction  of  potentials 
as  an  intermediate  step  to  simplify  the  vector  complexity  of  the  problem. 
This  was  the  procedure  adopted  here.  It  is  also  the  procedure  adopted 
by  Panofsky  and  Phillips  to  ’erive  a  rearrangement  of  this  basic  solution 
by  using  conservation  of  charge  to  eliminate  the  derivative  >f  charge 
density  which  occurs  when  the  e’ectric  scalar  potential  is  substituted 
into  the  expression  for  electric  field  intensity.  In  the  case  of  current 
pulses  on  filaments,  this  rearrangement  ;$  equivalent  to  the  solution  de¬ 
rived  here  if  one  properly  account  for  the  disconuiuity  at  the  fila¬ 
ment’s  ends.  If  net,  this  form  of  the  solution  wil’  not  correctly  predict 
the  final  electrostatic  {.elds  when  th.  current  mlse  reaches  the  end  of 
the  filament.  The  error  which  resufis  manifests  itself  close  to  the  chan¬ 
nel.  The  second  approach  common  in  electromagnetic  theory  is  to  solve 
for  the  fields  directly  by  introducing  dyadic  Green’s  function  (18]  or 
by  using  tlie  Lorentz  condition  to  eliminate  the  electric  scalar  potential 
from  the  expression  for  electric  field.  It  was  shown  the  1  this  is  equiva¬ 
lent  to  using  conservation  of  charge  to  eliminate  charge  density  p  com¬ 
pletely  from  file  solution  by  potentials.  This  form  of  the  solution  is  the 
one  which  has  been  used  most  extensively  in  the  study  of  radiation 
from  lightning.  However,  this  particular  form  of  the  solution  has  draw 
Lacks.  First,  since  the  explicit  dependence  ot.  charge  density  has  been 
eliminated  from  the  solution,  the  electrostatic  character  of  the  fields 
close  to  a  channel  aren’t  teadiiy  apparent.  This  problem  is  exacerbated 
ir  the  conventional  derivation  of  this  foir/i  of  the  solution  (e.g.,by  using 
the  Lorentz  gauge  condition  to  eliminate  hit  electric  scalar  potential 
from  the  solution)  because  no  i  plicit  reference  is  required  to  the  con¬ 
ditions  imposed  P  the  end  of  the  filament.  As  was  shown  here  these 
conditions  require  the  conversion  of  current  to  charge  at  a  point  at  the 
filament  ends  aim  arc  imposed  by  the  Lorentz  gorge  condition  itself. 
Thai  ir:,  the  standard  transmission  fine  model  used  in  lightning  studies, 
when  used  with  a  solution  such  as  Equation  ..'6,  implies  specific  end 
conditions  at  the  channel  terminus  ever  though  these  arc  not  generally 
mentioned  explicitly  in  tie-  statement  of  the  model.  Secondly,  the 
classical  form  of  the  solution  is  difficult  to  evaluate  numerically  when 
the  observer  is  very  clos-t  to  tne  filament.  This  is  due  to  the  integral 
required  to  account  for  charge  on  the  channel,  Unfortunately,  when 
the  observer  is  close  to  file  channel,  this  solution  can  predict  diamati- 
cally  different  forms  for  E(  7,t)  depending  on  the  accuiacy  with  which 
the  integral  is  computed.  The  other  forms  of  the  solution  for  E(7,t) 
derived  here  tend  to  converge  to  the  correct  answer  in  a  much  more 
uniform  manner  with  less  computer  time. 


APPENDIX  A:  IMPLICATIONS  OF  THE  LORENTZ  GAUGE 
CONDITION 

It  is  the  purpose  of  this  appendix  tc  Jtow  that  the  potentials  A  and 
0  as  given  in  Equations  10  satisfy  the  Lorentz  gauge  condition ,  and  in 
particular  that  A  and  4>  satisfy  the  Lorentz  gauge  condition  only  if  the 
teirns  0emj  (Equation  8)  are  added  to  the  scalar  potential  tc  account 
for  conservation  of  charge  at  the  filaments  ends. 


[gb-ga]  (A2) 


where  g,,  =  e^e/R^  and  where  it  has  been  assumed  that  the  current 
propagates  from  file  end  e  =  “a”  to  the  end  e  -  “b";  and  Equation  1  lb 
has  been  used  to  express  the  charge  at  the  filament’s  ends  in  terms  of  cur¬ 
rent.  The  Lorentz  gauge  condition  in  file  frequence  domain  is: 


t7  •  A  -  j  —  d>  =  0 
e 


Now  substituting  Equations  Al  and  A2  into  Equation  A3,  one  obtains 


J  "l  Jg]d  r '  —  jkc  J  pgdr'+S' 


J  tEb  "  =  0  (A4) 


where  g-ejkR/R.  Note  that  V  •  [gj]  =  J  •  and  that  Vg  =-Vg. 
Then  using  V  •  (AB)  =  B  •  VA  -  A*?  •  E  one  obtains: 


/  5-iTrim  -  / 


[g1?’  •  J  -  V'-(Jg)]d  f’ 


=  /  [gV'*  J  j  d  r  ’  —  ?'J  lgb  —  ga] 


where  the  last  result  follows  from  Equation  19  in  the  text  and  applies  for 
currents  ori  filaments.  The  end  condition  in  Equation  A5  cancels  the  last 
term  on  the  right  in  Equation  A4.  Hence,  usin'7  Equation  A5,  the  T  or- 
entz  condition  (Equation  A4)  can  be  written  in  the  form: 


’  J  -  jkcp]  gd  r’ 


The  term  in  brackets  in  fire  integrand  in  Equation  A6  is  just  a  statement 
of  conservation  of  charge  and  is  zero  on  file  filament  because  J  and  p 
satisfy  conservation  of  charge  there.  Hence  d>  and  A  as  given  in  Equa¬ 
tions  10  satisfy  the  Lorentz  gauge  condition.  Clearly  if  the  end  cot.di- 
•ion  u.  Equation  10b  (or  equivalently  Equation  A2  in  the  frequency 
domain)  is  omitted,  the  Lorcnlz  gauge  .ondilion  wil!  no  longer  be  satis¬ 
fied  because  file  last  terms  on  file  right  in  Equation  A5  will  not  be  can¬ 
celled.  Hence  fur  filaments  the  end  conditions  are  implicit  in  the 
Lorentz  condition  in  the  sense-  that  tire  scalar  potential  obtained  from 
the  Lorentz  gauge  condition  (t&  =  -j(c/k)  V  *  A)  is  equivalent  to  that 
given  by  Equation  10b. 


( 
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Abstract  : 

In  1981,  Che  National  Telecommu¬ 
nications  Research  Center  (C.N.2.T.) 
participated  in  the  characterization  of  the 
tropical  lightnings  in  the  IVORY  COAST. 

In  this  communication,  we  present  all 
the  electromagnetic  measurements  results.  Two 
methods  were  used  during  this  campaign  { 

-*  a  time-domain  analysis  (already  used 
in  temperate  country,  more  particulary’  ir.  ST. 
PRIVAT  D'ALLIER),  -allowed  to'  characterize,  the 
radiated  signals  by  lightning^  return-strokes 
and  these  emitted  by  intra-cloud  discharges, 
■'•'■’■“se  -ate'  the  most  numerous  ones  in  the 
•  ics).  From  the  results  obtained,  we  can 
^.kuctively  define  the  two  types  of 
discharges . 

-  an -harmonic  analysis  was  aiaad  to  know  ' 
the  instantaneous  spectrum  evolution  during  the 
different  lightning  phases.  During  this  COPT 
campaign,  we  perfected  the  measurement  method 
for  future  campaigns,  as  TRIP  82  (Thunderstorm 
Research  International  Program);  the  first 
results  of  which  are  presented.  The  data 
obtained  allow  •  to  understand  better  the 
physical  lightning  discharge  process  and  to 
define  the  VHF-UHF  environment  of  electronical 
equipment.. 

Introduction  : 

In  1981,  a  variety  of  experimental 
meaaurements  were  performed  on  the  Ivory  Coast 
(Africa),  with  the  intent  of  studying 
thunderstorm  convection  in  a  tropical  region. 
These  experiments,  collectively  entitled  COPT 
(Convection  Profonde  Tropicale),  grouped 
together  several  different  organisations  from 
France  and  the  Ivory  Coast  interested  either  in 
thunderstorm  dynamic  and  thermodynamic 


processes  or  their  electrical  properties  and 
the  characteristics  of  lightning.  .The 
objectives  of  the  CNET  (Centre  National 
d’Studes  den  TSlScommunications) ,  working  in 
association  with  the  Office  National  d'Etudes 
et  de  Recherches  ASrospatiales  (France),  the 
Laboratoire  de  Physique  AtmosphSrique 
(University  de  Toulouse,  France),  and  the 
Laboratoire  de  Physiqus  de  l’AtmospiiSre  de 
I'UniversitS  d'Abidjan  (Ivory  Coast),  were  to 
characterize  lightning  discharges  on  both  a 
phenomenal ogical  level  (identily  and 
distinguish  between  different  Btages  in 
discharges,  studies  of  discharge  channel 
propagation,  types  and  nature  of  leader 
discharge  processes,  comparisons  with  lightning 
properties  observed  in  temperate  regions)  and  a 
quantitative  level  (current  amplitude  as  a 
function  of  time,  estimates  of  charge  transfer, 
location  and  tracking  of  discharge  sourceb,  and 
electromagnetic  field  measurements). 

In  this  publication,  we  will  discuss 
the  ensamble  of  wideband  (150  Hz  -  20  MHz) 
magnetic  field  measurements  collected  during 
the  COPT  campaign.  The  measurement  campaign  has 
permitted  a  characterization  of  intracloud 
discharges,  the  preponderant  discharge  process 
in  tropical  countries.  These  signals  from 
intracloud  lightning  are  also  compared  with 
those  produced  during  cloud-to-ground 
discharges . 

In  addition.,  in  view  of  the  disparity 
between  measurements  of  RF  radiation  made  by 
different  researchers  in  the  VHF  and  the  poor 
understanding  of  the  processes  which  produce 
these  emissions,  the  CNET  has  undertaken  a 
program  of  studies  in  this  domain.  The  second 
part  of  this  publication  presents  some  of  the 
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very  first  results  of  narrow  band  RP 
measurements  made  during  the  TRIP  82 
(Thunderstorm  Research  International  Program) 
Campaign.  Measurements  were  made  at  six 
frequencies  between  60  and  900  MHz  using  tuned 
receivers  with  >350  kHz  bandwidths. 

-I-  150  HZ  -  20  MHZ  ELECTROMAGNETIC 

FIELD  STUDIES 

1. 1.  -  DATA  COLLECTION  AND  PROCESSING 
-  Experimental  means 

Measurements  of  thunderstorm  discharge 
electromagnetic  fields  were  made  using  magnetic 
field  sensors  with  a  150  Hz  -  20  MHzpassband. 
These  sensors  were  connected  to  two  sets  of 
recording  instrumentation.  Each  set  consisted 
of  both  a  video  tape  recorder  (VTR)  (upper 
frequency  response  3  MHz)  and  an  oscilloscope 
equipped  with  a  camera  with  continuously  moving 
film  which  permitted  the  recording  of  fast 
field  variations.  The  two  chains  of  recording 
equipment  had  the  folloving  characteristics  : 


chain  1  : 

osclllo .  +  camera  : 
trigger  level  :  45  * 

(1  JTslO  Wb/m 1  or  T) 

maximum  signal  :  800K 

VTR  :  dynamic  range  :  40 -  400V 

chain  2  : 

osclllo.  -*■  camera  : 
trigger  level  :  150¥ 
maximum  signal  :  1600^ 

VTR  :  dynamic  range  :  40*  -  1000 V 

The  magnetic  field  sensors  / 1 /  were 
placed  horizontally  in  a  direction 
perpendicular  to  the  preferred  direction  of 
movement  of  thunderstorm  fronts. 

The  different  sensitivities  chosen  for 
the  two  chains  of  recording  instrumentation 
permitted  simultaneous  measurements  of  fields 
from  both  near  and  distant  discharges  (knowing 
that  all  of  our  measurements  would  have  to  be 
made  on  natural  lightning). 

-  Limits  on  the  Interpretation  of  results 

Some  of  the  equipment  operating 
during  these  experiments,  notably  a  field  mill 
network,  VHF  interferometry  and  Doppler  radars. 


had  allowed  us  to  hope  to  be  able  to  locate  and 
track  all  of  the  discharges  observed  during  the 
campaign.  For  our  application  this  would  have 
given  an  accurate  distance  to  each  discharge, 
as  well  as  the  orientation  of  the  discharge 
channel  with  respect  to  the  magnetic  field 
antenna.  However,  the  enormous  task  of 
processing  the  data  collected  by  the  different 
organizations  has  allowed  the  localization  of 
only  a  few  events.  Knowing  only  rarely  the 
distance  to  a  discharge  it  has  not  been 
possible  to  determine  lightning  current 
amplitudes  using  field  measurements.  Also,  for 
the  oscilloscope  records  of  magnetic  fields,  a 
delay  line  ought  to  have  allowed  us  to  record, 
the  beginning  of  the  signal  which  was  below 
trigger  threshold.  For  some  of  the  slower 
events,  though,  the  delay  time  wasn't  sufficient . 
In  these  cases,  a  readjustment  of  signal 
amplitudes  was  necessary. 

-  Processing  and  analysis  of  the  data 

Despite  the  limitations  described 
above,  it  is  possible  to  give  some  general 
results  concerning  the  parameters  which 
characterize  an  electromagnetic  field  impulse. 

The  video  tape  recordings  were 
displayed  on  an  oscilloscope  and  photographed, 
and  have  been  used  to  determine  the  time 
evolution  of  the  discharges,  notably  the 
repetivity  and  duration  of  the  events. 

The  film  records  best  characterize  the 
rapid  changes  in  the  field,  notably  the  slopes, 
amplitudes,  and  pulse  durations.  Each  waveform 
was  manually  digitized  and  the  data  were  stored 
in  the  memory  of  Tektronix  4081  graphics 
computer.  Data  were  subsequently  transferred  to 
a  CII  IRIS  80  computer  for  analysis. 

1.2  -  RESULTS  OBTAINED 

-  Classification  of  intracloud 

and  cloud-to-ground  discharges 

A  field  mill  network,  operated  by  the 
ONERA  (Office  National  d'Etudes  et  de 
Recherches  A€rospatiales  (ONERA)  permitted  the 
simultaneous  measurement,  at  10  locations,  of 
electrostatic  field  variations  at  the  ground. 
These  data  allowed  us  to  identify  whether  a 
field  change  appeared  to  involve  charge 
neutralization  of  only  one  polarity,  or  both 
positive  and  negative  charge,  descriptions 
which  are  often  used  to  model  cloud-to-ground 
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and  intracloud  discharges,  respectively.  Also, 
sequences  of  impulses  of  mixed  polarities  are 
more  likely  to  be  produced  by  intracloud 
discharges,  because  the  large  amplitude  signals 
radiated  by  return  strokes  during  a 
cloud-to-ground  discharge  are  ordinarily  all  of 
the  same  sign,  (see  photos  1  and  2). 

-  Characteristics  of  tropical 
lightning  intracloud  discharges 


We  have  studied  the  following 
parameters  : 


Maximum  amplitude 

Slope  during  fast  field  transitions 
Pulse  width  (between  t  »  o  and  the 
half  peak  amplitude  point  following 
the  peak) 

Sequences  of  impulses  within  a 
discharge 

Cloud-to-ground 

8P- 


4. 

Intra-cloud 


1)  Because  of  the  limitations  discussed 
earlier  (1.1),  it  is  difficult  to  present 
conclusion  results  regarding  intracloud  and 
cloud-to-ground  discharge  field  amplitudes. 
Nonetheless  the  table  below  gives  peak 
amplitudes  and  the  number  of  events  recorded 
(N)  (see  reservations  in  section  1.1)  : 

-  Intracloud  :  N  *  109  ; 

mean  peak  amplitude  :  96  V  ;  o'  -  49  V 

-  Cloud-to-ground  :  N  «  33  ; 

mean  peak  amplitude  :  120 V  ;  *>  64  V 

For  some  of  thu  intracloud  discharges 
(N  =  35),  the  location  of  high  reflectivity 
zones  in  the  storm  clouds  by  radar  has  given  an 
estimate  of  distances  (2  <  D  <  20  km)  between 
the  field  measurement  station  and  the 
discharges.  For  these  discharges,  the  mean  peak 
amplitude  is  70  V  .  If  we  apply  theory 
developped  for  return  stroke  discharges  /3 , 4/ 


Photos  1  and 


Streak  camera  records  of 
successive  oscilloscope  triggers 
produced  by  magnetic  field 
impulses  : 

film  transport  speed  5  cm/s 
trigger  level  :  45  Y 
inhibition  time  between  successive 
triggers  :  5  ms 
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-  Detailed  study  of  one  discharge 


Photo  5  shows  a  sequence  of  Impulsions 
during  an  Intracloud  discharge 


■4 /ml 


DeatCDE  LIMPUL'jiOM  PUL1E  OOSAriON 

Fig.  2 


Cloud- to-grouna 


22  June  81  -  A  h  53’  08" 

This  event  is  one  of  the  most 
complicated  to  analyse  because  of  the  large 
number  of  Impulsions  recorded.  Figure  A  shows 
the  time  evolution  of  this  discharge,  as 
inferred  from  the  video  tape  recording.  A  large 
amplitude  pulse  is  present  near  the  center  of 
this  record  which,  in  contrast  with  the  other 
impulses  which  were  produced  by  intracloud 
processes,  was  radiated  by  a  return  stroke. 
This  discharge  was  located  (5km  away  from  the 
measurement  station)  by  the  VHP  interf oremeter 
being  operated  by  the  ONERA.  The  amplitude  of 
the  magnetic  field  exceeded  1000  Y  during  one 
80  ps  period  (the  VTR  record  was  saturated), 
which,  we  note  implies  a  peak  current  of  about 
60  kA,  much  larger  than  the  mean  peak  return 
stroke  current  observed  in  temperate  regions 
(Berger  /2/  gives  a  mean  peak  current  value  of 
12  kA). 


For  the'  intracloud  impulses  produced 
during  this  discharge,  which  were  also  located 
by  the  VHF  interferometer,  we  have  observed 
both  large  numbers  of  isolated  impulses,  with 
durationr  which  range  from  a  few  tens  to  a  few 
hundreds  of  microseconds,  as  well  as  sequences 
of  very  narrow  impulses  (pulse  widths  of  a  few 
microseconds).  The  duration  of  these  pulse 
sequences  was  typically  50-60  ms. 


§ 

A 


Photo  6 


In  photo  6,  we  can  see  some  examples  of 
sequences  of  very  narrow  impulses,  with  pulse 
widths  and  interval  times  of  the  same  order,  1 
or  2  microseconds.  These  sequences  are  one 
characteristic  particular  to  intracloud 
discharges  and  have  been  observed  to  occur 
during  different  discharges. 

The  peak  amplitudes  of  the  intracloud 
impulses  during  this  discharge  ranged  from  a 
few  tens  of  i  to  300  Y  . 
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to  these  discharges,  the  value  of  the  peak 
current,  taking  into  account  the  distance,  is 
between  2  and  20  kA. 


CHAMP  MAXIMAL  .  MAXIMUM  F'ELO 


Fig.  1 


Figure  1  gives  a  histogram  of  peak 
magnetic  field  amplitudes,  intracloud  and 
cloud-to-ground  discharges  combined,  observed 
during  the  course  of  the  COPT  campaign. 

2)  The  slope  between  10  and  90  percent 
of  peak  during  rapid  field  transitions  has  been 
calculated  fo  all  digitized  waveform  data  using 
the  method  of  least  squares.  The  values 
obtained  for  intracloud  and  cloud-to-ground 
discharges  are  comparable. 

-  Intracloud  :  N  *=  153  ; 

mean  slope  :  71/  /ps  <r  =  40  f  /ps 

-  Cloud-to-ground  :  N  =  33  ; 

mean  slope  :  7 6  V  /ps  <r  =  53  S'  /ps 

3)  The  most  notable  difference  between 
the  impulses  radiated  during  intracloud  and 
cloud-to-ground  discharges  is  in  the  pulse 
widths,  here,  the  time  between  t  «  0  and  the 
half  amplitude  point  following  the  peak.  This 
difference  is  obvious  in  photos  1  and  2. 
Figures  2  and  3  present  histograms  of  measured 
pulse  widths.  Mean  values  are  summarized  below 

-  Intracloud  :  N  =  153  ; 

Mean  pulse  width  1,6  ps  ; 

o'  »  0,6  ps 

-  Cloud-to-ground  :  N  =  33  ; 

Mean  pulse  width  4,75  ps  ; 

v  =  4,54  ps 


i 

The  intracloud  discharge  pulses  are 
much  narrower  than  those  radiated  during 
cloud-to-ground  discharges. 

4)  With  the  video  tape  records  we  have 
been  able  to  observe  that  during  an  intracloud 
discharge}  impulses  often  occur  very  quickly  in 
sequence,  that  Ls  with  interval  times  ranging 
from  a  few  microseconds  to  a  few  tens  of 
microseconds  (see,  for  erample,  photos  3  and 

4)- 

Repetition  frequencies  of  this  order, 
which  have  been  observed  in  different 
Intracloud  discharges,  are  much  higher  than  are 
found  during  a  cloud-to-ground  flash.  Berger 
/2/,  for  example,  gives  a  mean  Interval  time 
between  return  strokes  of  33  ms. 


Intra-cloud 


Intra-cloud 
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1.3  -  DISCUSSIONS  AND  CONCLUSION 

Up  until  the  present  day,  most 
experimental  studies  of  thunderstorm  discharges 
have  been  confined  to  cloud-to-ground  flash  / 2 , 
5,  6,  7/.  As  a  result,  wa  have  in  hand  a 
considerable  amount  of  data  characterizing  the 
different  aspects  of  that  process.  By 
comparison,  when  one  considers  the  intracloud 
discharge  process,  there  is  a  very  real 
shortage  oi  data.  The  intracloud  discharge  is 
also  very  complex  /8/.  Electromagnetic  field 
measurements,  with  which  it  is  possible  to 
compare  our  results  from  the  COPT  campaign, 
have  been  made  In  Florida  by  /9,  10/.  Those 
authors  have  also  observed  isolated  large 
amplitude  impulses,  during  Intracloud 
discharges,  with  durations  which  range  from  10 
to  about  200  ps,  as  well  as  trains  of  narrow 
pulses  (widths  of  2-3  ps).  They  note  also  that 
the  risetime  of  the  fast  pulses  is  comparable 
(le,  less  than  a  microsecond)  to  that  found  in 
return  stroke  fields. 


- 1 1  -  NARROW-BAND  RF  MEASUREMENTS  60-900  MHZ 
II. 1  -  BIBLIOGRAPHIC  ASPECT 

A  considerable  amount  ot  work  has  been 
clone  with  the  Intent  of  quantifying  the  energy 
radiated  by  the  electrical  processes  of  a 
lightning  discharge.  A  review  and  synthesis  of 
results  has  been  published  by  / 1 1  /  and  more 
recently  by  / 12/.  Among  the  outstanding  points 
considered  were  the  following. 


-  Form  of  the  spectrum 

Two  types  of  representation  of  tne 
radiation  as  a  function  of  frequency  are  used. 

-  The  first  consists  of  expressing  the 

spectral  amplitude  density  of  the  radiation 
beginning  with  continuous  recordings  of  signals 
from  a  battery  of  tuned  narrow-bandwidth 
receivers.  Integration  of  these  data,  the  exact 
form  of  which  depends  or.  the  shape  of  the 
impulses  recorded,  is  then  necessary.  This 
method  has  been  employed  by  / 1 3/ .  The  mean 
spectral  amplitude  density  from  several 
discharges  and  normalized  to  a  distance,  d  *  10 
km,  is  proportional  to  f  in  the  range 

10  KHz  to  100  MHz. 

-  The  other  method  adopted  by  / 1 1 / 
gives  directly  the  mean  peak  amplitude,  an 
average  of  observations  from  several  flashes, 
as  a  function  of  the  receiver  frequency  and 
bandwidth.  Disparate  measurements  are 
normalized  to  a  distance,  d  -  10  km  from  the 
flash  and  to  a  bandwidth  of  1  KHz.  If  for 
frequencies  from  10  kHz  to  10  MHz  there  appears 
to  be  concordance  among  the  results  published 
by  different  anthors,  for  a  1/f  decrease  in  the 
spectrum  with  increasing  frequency,  outside  of 
that  interval  there  is  a  large  dispersion  in 
the  data,  which  is  all  the  more  difficult  to 
interpret  because  of  Its  limited  number.  One 
can  only  remark  that  there  is  a  tendency  for 
the  amplitude  to  vary  more  slowly  with 
frequency.  Results  published  by  / 1 A  /  show  an 
increase  of  amplitudes  beginning  at  and 
continuing  above  300  MHz  and  suggest  that  this 
turning  point  in  the  spectrum  appears  to  be  due 


operating  in  the  FM  mode. 


to  the  intervention  of  a  different  discharge 
process.  More  recently  / 15/  have  observed  a 
similar  phenomenon  beginning  at  50  MHz,  with 
'the  RF  emissions  showing  a  maximum  around  100 
MHz. 

•rf 

-  Temporal  structure 

While  strong  RF  emissions  associated 
with  intracloud  discharges  and  the  stepped 
leader,  dart  leader,  and  K  change  phases  of  a 
cloud-to-ground  discharge  have  been  observed, 
the  time  evolution  of  the  radiation  produced 
during  a  return  stroke  is  still  a  subject  of 
controversy.  For  example,  / 16/  as  well  as  / 17/, 
have  mentioned  a  delay  of  a  few  tens  of 
microseconds  between  the  VHF  radiation  and  the 
abrupt  fast  electric  field  change  associated 
with  the  beginning  of  a  return  stroke.  The 

explanation  given  for  this  delay  is  that  the 
return  stroke  current  which  propagates  from  the 
ground  towards  the  cloud  does  not 

radiate  at  VHF  frequencies,  but  that  these 
radiations  are  due  to  the  branches  of  the 
return  stroke  channel  and  due  to  junction 
processes  once  the  current  wave  has  entered  the 
cloud  / 1 6 ,  17/.  This  explanation,  which  leaves 
the  impression  that  VHF  radiation  does  not 
accompany  the  creation  of  the  return  6troke 
current  wave,  seems  to  be  contradicted  by 
observations  made  at  3  MHz  by  /IS/.  Here,  in  90 
X  (54  of  61)  of  the  records  examined,  a  large 
impulse  (in  25  of  the  54,  the  largest)  was 
observed  at  the  beginning  (time  synchronization 
accuracy  1  p6)  of  the  first  return  stroke.  A 
large  impulse  (the  peak  in  the  RF  emissions  in 
99  %  of  more  than  100  observations)  was 

observed  to  occur  at  the  beginning  of 
subsequent  strokes  also. 

II. 2  -  EXPERIMENTAL  MEANS 

Six  receivers  with  350  kHz  bandwiths 
and  central  frequencies  of  60,  100,  175,  300, 
500  and  900  MHz  have  been  used  during  the 
experimental  campaigns  COPT  81  and  TRIP  82. 
Each  receiver  was  equipped  with  a  logarithmic 
amplifier  which  gave  an  80  dB  dynamic  range. 

The  front  end  of  each  receiver  was 
connected  to  a  vertically  polarized  half  wave 
dipole  antenna,  the  ensemble  of  which  wore 
mounted  on  a  mast  in  a  fashion  that  would 
minimize  mutual  coupling  between  entennas. 

The  signals  thus  obtained  were  recorded 
wit1  a  400  kHz  bandwidth  magnetic  tape  recorder 


Signals  from  a  capacitive  electric 
field  antenna  (BW  400  Hz  -  2  MHz)  were  recorded 
simultaneously  to  permit  precise  temporal 
location  of  the  different  phases  of  a 
discharge,  most  notably  the  return  stroke.  To 
achieve  the  maximum  possible  bandwidth,  the 
recorder  was  operated  at  peak  tape  transport 
speed,  which,  with  14  inch  tape  reels,  allowed 
about  15  minutes  of  continuous  recording. 

The  campaign  COFT  81  at  Korhogo,  on  the 
Ivory  Coast,  permitted  us  to  test  the 
functionment  of  the  bank  of  receptors  and  to 
put  the  system  into  an  improved  configuration 
during  the  TRIP  82  campaign.  These  data  are 
presently  in  the  process  of  being  digitized. 
The  use  of  digitized  data  will  permit  an 
investigation  more  detailed  than  the 
preliminary  approach  to  be  presented  here.  For 
these  initial  studies,  the  analog  tape  data 
ware  played  back  using  an  optical  (UV)  chart 
recorder,  permitting  a  reconstitution  of  the 
time  evolution  of  the  signals  with  a  bandwidth 
of  128  kHz.  The  fastest  time  scale  achievable 
was  156  ps/cm. 

It  should  be  noted  that  time 
displacements  between  channels  due  to 
misaligned  magnetic  recorder  heads  as  well  as 
time  scale  changes  due  to  capstan  jitter  and 
stretching  of  the  tape,  allow  us  to 
resynchronize  the  signals  with  an  accuracy  of 
the  order  of  10  ps.  After  digitization,  the  use 
of  time  synchronization  signals  which  were 
superposed  on  all  data  channels  on  a  second 
magnetic  tape  recorder,  will  permit 
synchronization  of  better  than  1  ps. 

II. 3  -  TRIP  82  RESULTS 

During  the  course  of  the  TRIP  82 
Campaign,  which  was  conducted  at  Socorro,  New 
Mexico,  about  ten  triggered  discharges  and  a 
large  number  of  natural  flashes  have  been 
studied  ;  a  total  of  about  1  hour  of 
thunderstorm  activity  was  recorded. 

During  the  remainder  of  this 
publication  we  intend  to  describe  in  detail, 
observations  based  on  two  discharges  -  one 
triggered  and  one  natural  discharge. 

II  ,3.1  -  Shape  of  the  spectrum 
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Figure  5  presents  the  peak  signal 


levels  observed  during  each  of  the  two  flashes 
at  the  different  frequencies  and  normalized  to 
the  Pierce  curve  / 1 1 / ,  that  is  normalized  to  a 


1  kHz  bandwidth  and  a  distance  of  10  km.  We  can 
remark  that  there  is  reasonable  accord  between 
the  observed  peak  amplitudes  and  the  Pierce 
curve. 

11.3.2  -  Radiation  macrostructure 


Figures  6  and  7  reproduce,  totally,  the 
signals  recorded  during  the  triggered  event 
04-05-33  and  the  natural  discharge  05-03-55, 
respectively.  In  these  two  figures  one  can  see 
clearly  the  simultaneous  evolution  of  the  VHF 
radiations  at  the  six  frequencies  studied,  and 
the  signal  from  the  capacitive  antenna. 
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One  can  observe  that  in  both  cases,  the 
beginning  of  the  discharge  is  Indicated  by 
continuous  VHF  activity,  which  persists  for  a 
few  tens  of  milliseconds  and  ends  with  a  brutal 
increase  of  radiation  associated  with  a  change 
on  the  capacitive  antenna  signal.  This  initial 
radiation  corresponds  with  preliminary 
breakdown  processes  within  the  cloud,  as  well 
as  the  development  of  a  stepped  leader  which 
initiates  the  first  stroke  in  a  cloud-to-ground 
discharge. 

If  for  the  natural  discharge  05-03-55 
this  phase  has  a  very  regular  evolution, 
corresponding  to  the  creation  of  a  stepped 
leader  which  continues  to  develop  up  until  the 
return  stroke,  for  the  triggered  discharge 
04-05-53  the  appearance  is  much  more  disturbed. 
We  see  here  an  abrupt  beginning  of  a  stopped 
leader  which  stops  20  ms  later  and  Is  followed, 
during  the  next  30  ms,  by  perhaps  ten 
intracloud  events  visible  at  the  different 
frequencies.  It  is  only  after  a  second  stepped 
leader  of  very  short  duration  (1,7  ms)  that  the 
return  stroke  is  initiated.  The  short  duration, 
of  this  leader  can  be  explained  perhaps  by  the 
existence  of  a  non-radiating,  continuously 
moving  upward  discharge  initiated  by  the  wire 
pulled  upward  from  the  ground  by  the  rocket. 
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The  stepped  leader  doesn't  Intervene  until 
after  the  end  of  the  triggering  phase  of  the 
discharge. 

During  the  following  phases  of  the  two 
discharges,  the  VHF  radiation  appears  as  abrupt 
impulses  with  durations  of  less  than  1  ms  and 
mean  interval  times  on  the  order  of  10  ms. 

For  the  event  04-05-53,  the  capacitive 
antenna  record  shows  roughly  a  dozen  large 
amplitude  Impulses  indicating  significant 
currents  flowing  within  the  cloud  or  between 
the  cloud  and  ground.  There  are  roughly  20 
large  impulses  visible  on  the  VHF  records, 
however,  which  leads  us  to  conclude  that  the 
VHF  radiation  isn't  associated  exclusively  with 
the  cloud-  to-ground  discharges,  nor  with  K 
change  processes  within  the  cloud. 

These  emission  sequences  last  for  about 
500  ms  in  the  case  of  discharge  04-05-33  and 
for  about  100  ms  for  event  05-03-55.  There  is 
no  radiation  afterwards  and  for  the  several 
seconds  preceding  the  next  discharge. 

II. 3. 3  -  Radiation  micvostructure 

(a)  First  return  stroke 

The  fine  structure  of  events  (1),  (2) 
and  (3)  of  discharge  04-05-33  as  well  as  that 
of  events  (A)  and  (B)  of  discharge  05-03-55  are 
presented  in  figures  8,  9  and  10. 
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Figure  8  and  figure  10  (a)  show  the 
radiation  associated  with  the  propagation  of 
the  stepped  leader  and  the  initiation  of  the 
first  return  stroke  for  the  two  discharges. 


Fig  9  Big'nlnnipltludes  in126KHZ  liondwilh-L.ghrmngCX  0533-Fvt.V*  2 , 3 


Kig  10  Signal  amplitude*  in‘i28KHZ  bnndwifh-LighininQ  05  03  55 


While  figure  10  (a)  represents  only  the 
final  part  of  the  leader  associated  with  event 
(A),  figure  R  shows  all  of  the  radiation  from 
the  leader  of  event  (1).  We  note  that  the 
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beginning  of  this  leader  is  indicated  by  a 
burst  of  tadiatlon  which  lasts  for  about  200 
ps.  In  both  cases  one  can  observe  that  the 
radiation  consists  of  a  large  number  of 
impulses  with  pulse  widths  and  interval  times 
less  than  the  3  ps  time  constant  of  the 
receiver  producing  more  slowly  varying 
features.  Despite  this  effect,  the  largest 
impulses  have  mean  interval  times  of  a  few  tens 
of  microseconds  and  could  correspond  with  steps 
of  the  leader  process. 

The  end  of  the  leader  phase  occurs  In 
conjunction  with  an  abrupt  transition  on  the 

capacitive  antenna  record  and  is  caracterized 
by  a  sharp  increase  in  the  level  of  RF 

radiation  at  all  frequencies.  These  emissions 
persist  for  a  few  hundreds  of  microseconds  and 
are  followed  by  a  quiet  period  of  a  few 

milliseconds  duration. 

(b)  Subsequent  events 

Figures  9  and  10  (b)  show  the  fine 

structure  of  events  (2)  and  (3)  of  discharge 
04-05-33  and  of  event  (B)  of  discharge 
05-03-55. 

These  events  occur  simultaneously  with 
abrupt  changes  of  level  on  the  capacitive 
antenna  record.  They  are  not  preceded  by  VHF 
emissions,  except  at  60  KHz,  where  the 
radiation  might  be  due  to  corona  discharge  off 
the  end  of  the  antenna.  It  should  be  noted  that 
none  of  the  subsequent:  events  in  these  2 

flashes  is  preceded  by  VHF  radiation  which 
could  be  identified  w^th  a  dart  leader,  thus  it 
seems  to  us  that  this  process  .night  not  radiate 
at  the  frequencies  studied. 

In  the  case  of  the  evert  In  figure  9, 
the  initial  envelope  of  radiation  seems  to 
provoke  a  persistant  radiation  indicated  by  the 
offsets  visible  at.  60  MHz  for  event  (2)  and  at 
60  and  175  MHz  for  event  (3).  This  radiation 
might  be  produced  by  micro-discharges  which 
follow  an  abrupt  field  change  produced  by  cn 
intracloud  discharge.  This  phenomenon  does  not 
appear  in  the  case  of  event  (B)  In  figure  (6) 
which  seems  to  be  a  subsequent  stroke. 

'i'he  envelopes  of  VHF  radiation  are 
composed  of  a  multitude  of  impulsions  which 
occur  more  frequently  and  have  larger 
amplitudes  than  found  during  the  leader  phase. 
One  car  frequently  distinguish  between 

successive  groups  of  impulse-;*  which  are 

separated  by  a  few  tens  of  microseconds,  such 
as  seen  in  figures  8,  9  and  10.  The  suggestion 


given  by  / 16/  and  / 1 7 /  is  that  this  radiation 
is  produce-*  by  the  branches  in  the  first  return 
stroke  channel  as  well  as  junction  processes 
within  the  cloud  To  support  this  hypothesis  it 
is  interesting  to  note  the  compact  appearrance 
of  event  (B)  in  keeping  with  an  absence  of 
branches  and  a  minimum  of  micro  discharges 
associated  with  subsequent  strokes. 


Figure  11  gives  the  distribution  of  the 
widths,  T,  of  the  envelopes  of  impulsions  based 
on  about  40  events  from  the  two  flashes.  The 
mean  width  obtained,  "T  mean”,  is  132  ps. 


For  each  of  the  events  presented  in 
figures  8,  9  and  10  we  observe  a  second  narrow 
envelope  of  impulsions  which  appears  a  few 
hundreds  of  microseconds  after  the  principal 
packet  of  impulsions.  For  the  event  (B)  this 
second  burst  of  radiation  Is  Itself  accompanied 
by  an  appreciable  capacitive  antenna  change. 
The  phenomenon  has  also  frequently  been 
observed  to  occur  without  a  capacitive  antenna 
change.  Figure  12  presents  the  distribution  of 
separation  times  between  two  successive  impulse 
groups  based  on  about  40  measurements .  In  50  X 
of  the  cases  the  separation  time  is  less  than 
680 
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The  second  burst  of  radiation  which  wc 
have  observed  could  be  generated  by  thn  current 
flowing  from  a  charge  induced  in  the  cloud 
following  a  return  stroke  or  a  K  change 
process. 

11.4  -  CONCLUSION 

Continued  reduction  and  analysis  of 
data  from  the  TRIP  82  campaign  will  permit  us 
to  verify  and  explore  in  more  detail  the 
considerations  given  here  which  were  based  on 
two  discharges,  and  will  allow  a  better 
characterization  of  the  radiation  from 
different  phases  of  a  discharge.  With  the 
digitized  data  and  sufficiently  precise 
synchronization  between  channels,  we  will  be 
able  to  reconstruct  the  temporal  evolution  of 
the  spectrum  and  the  capacitive  antenna  record 
on  a  microsecond  time  scale.  Like  /19/,  we  can 
already  say  that  the  forms  of  the  signals 
recorded  at  different  frequencies  are  not 
identical .  This  puts  into  evidence  the 
existence  of  numerous  different  discharge 
processes  during  a  lightning  flash. 

Additional  narrow-band  RF  measurements 
will  be  made  3  km  from  a  discharge  triggering 
point  during  the  campaign  to  be  held 
june-september ,  1983,  at  the  experimental 
station  at  St -Privat-d ' Allier ,  "ranee.  Based  on 
these  early  studies,  it  appears  necessary  to 
increase  the  sensitivity  of  the  900  MHz 
receiver,  which  was  insufficient  for  detailed 
study  except  during  very  energetic  phases  of  a 
discharge.  The  saturation  of  the  60  MHz 
receiver  must  be  attributed  to  an  incorrect 
choice  of  the  terminating  resistance,  the 
receiver  doesn't  require  any  modification. 
During  the  course  of  the  next  campaign,  to 
remove  any  ambiguity  concerning  the  type  of 
radiating  process,  a  wideband  magnetic  field 
sensor  (150  Hz  -  20  MHz),  as  well  as  an  optical 
sensor  which  will  point  a  couple  of  hundred 
meters  above  the  rocket  launching  point,  will 
be  recorded  in  addition  to  the  signal  from  the 
capacitive  antenna. 

Finally,  in  order  to  begin  studies  of 
lightning  emissions  at  microwave  frequencies,  a 
4,6  GHz  signal  from  a  microwave  horn  antenna, 
pointing  at  the  triggering  site,  will  be 
recorded  alongside  the  six  RF  frequencies 
already  studied. 


COMMENTARY 

The  results  presented  in  this 
communication  treat  two  particular  aspects  of 
thunderstorm  electromagnetic  emissions  -  the 
radiation  produced  by  intracloud  discharges  and 
the  radiation  in  the  VHF-UHF  band. 

Despite  the  fact  that  these  data  can 
have  important  consequences  for  the  development 
of  telecommunications  sv£tfi2S  situs  ted 
in  a  high  risk  area  (tropical  region)  or 
because  they  involve  new  techniques 
(numerically  encoded  radio  wave  transmission 
for  example),  very  few  studies  of  this  kind  are 
found  in  the  literature. 

From  this  initial  work  we  can  say  : 

that,  based  on  the  amplitudes 
measured  at  the  ground  and  the  frequency  of 
occurence,  the  influence  of  electromagnetic 
field  impulses  produced  by  intracloud 
discharges  in  a  tropical  region  on  a 
telecommunication  network,  particularly  a 
digital  system,  cannot  be  neglected. 

that  our  understanding  of  the 
physical  processes  and  the  possible 
consequences  that  lightning  radiation  in  the 
VHF-UHF  band  may  have  on  new  radio  wave 
transmission  systems  (digital  systems,  for 
example)  Is  still  too  limited. 
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ABSTRACT 

The  model  of  Gardner  (Radio  Science  16,  377-384,  1981)  is  used  to 
study  the  attenuation  of  lightning  fields  with  distance  over  a  variety 
of  propagation  paths.  The  lightning  channel  may  consist  of  an  arbitrary 
arrangement  of  linear  segments,  each  with  a  different  propagation 
velocity.  The  effects  of  an  imperfectly  conducting,  anisotropic 
ionosphere  and  a  lower  surface  of  earth  or  water  (including  sea  state) 
are  studied. 

•It  is  of  great  interest  to  deduce  the  properties  of  lightning, 
such  as  the  current  profile  as  a  function  of  time,  from  remote  measure¬ 
ments  of  the  radiated  fields.  For  this  reason,  distortion  of  the 
signal  by  propagation  path  effects  must  be  understood  quantitatively. 

The  study  of  the  distortion  of  electromagnetic  transient  fields  as  they 
propagate  over  the  earth's  surface  has  a  long  history;  Sommerfield 
(1)*  considered  the  propagation  of  radio  waves  over  an  imperfectly 
conducting  earth  in  1909,  and  a  number  of  recent  texts  (2,3,4)  review 
more  recent  developments.  In  general,  the  signals  are  attenuated,  the 
attenuation  increasing  with  frequency  and  decreasing  as  the  surface 
conductivity  increases.  This  presupposes  smooth  surfaces;  corrugated 
surfaces  (5,6,7)  have  also  been  studied  in  connection  with  propagation 
over  a  sea  surface  covered  by  waves.  When  the  ocean  waves  have  lengths 
small  compared  to  the  radio  wavelength,  a  "trapping41  of  the  surface 
wave  is  possible  (8)  which  results  in  an  increase  in  signal,  while  at 
higher  frequencies  an  increased  attenuation  results.  The  attenuation 
dees  not  increase  monotonically  with  frequency,  as  Barrick  (7)  notes, 
but  rather  a  saturation  sets  in,  with  the  greates  losses  for  fre¬ 
quencies  in  the  range  10-15  MHz  for  typical  ocean  wave  spectra.. 

In  this  paper,  we  use  the  computer  model  developed  by  Gardner 
(9,10),  extended  using  the  results  of  Barrick  (6),  to  evaluate  the 
role  of  propagation  effects  on  lightning  signals. 


THEORY 


first  we  will  briefly  review  the  theory;  a 
more  complete  discussion  will  be  found  in  refer¬ 
ences  2-10.  The  lightning  channel  is  treated  as 
a  dipole  source  with  specified  current,  with 
triple  exponential  form: 

1 ( t )  =  [A(exp(-at)  -  exp(-bt)) 

+  B  exp(-ct)]  U(t)  (1) 

where  U(t)  is  the  Heaviside  step  function,  A  = 

30  kA,  B  =  2.5  KA,  a  =  2  x  10**  sec"',  b  =  2  x 
105  sec-1,  c  =  1.  x  103  sec-1.  The  term  propor¬ 
tional  to  A  has  an  inverse  rise  time  of  roughly 
b,  or  about  10  microseconds,  and  a  fall  time  of 
roughly  1/a  or  about  100  microseconds.  The  term 

♦Numbers  in  brackets  designate  References  at  end 
of  paper. 

proportional  to  B  represents  the  'continuing 
current"  and  constitutes  a  slow  "tail"  to  the 
current  pulse,  falling  off  over  several  milli¬ 
seconds.  While  such  a  form  for  I(t)  is  not  per¬ 
fect  (e.g.,  its  behavior  at  t=0),  it  is  often 
used  [12]  and  we  will  follow  custom  for  ease  of 
comparison  with  other  references. 

We  will  work  in  frequency  domain  rather 
than  time  domain,  and  assume  the  fields  have 
time  dependence  exp  (iwt).  This  will  both  fa¬ 
cilitate  analysis  and  comparison  with  observa¬ 
tion.  We  can  in  principle  inverse  Fourier 
transform  into  time  domain  if  desired.  The 
lightning  channel  is  treated  as  a  chain  of 
dipole  sources,  and  the  Hertz  potential  [13]  may 
then  be  used  to  find  the  fields  at  any  point. 

The  Hertz  vectors  have  simpler  expressions  in 
terms  of  the  sources  than  the  vector  ana  scalar 
potentials  and  therefore  simplify  calculations. 
For  example,  the  electric  field  due  to  a  verti¬ 
cal  electric  dipole  dipole  may  be  written  in 
terms  of  the  vertical  component  of  the  electric 
Hertz  vectur  as: 

E  =  V7  •  it  +  k 2ti  (2) 

where  n  is  the  Hertz  vector  and  k  =  w/c  is  the 
wavenumber.  Expressions  for  general  dipole 
source  orientation  will  be  found  in  Ba.ios  [2], 
Cylindrical  coordinates  (p,<ti,z)  will  be  used 
[10],  with  the  source  centered  above  the  origin, 
as  shown  in  Fig.  1.  Wait  [7,8]  shows  that  the 
Hertz  vector  due  to  a  vertical  dipole  at  any 
point  above  the  surface  may  be  written  as: 


o- 

J  [e*pMz+t|l 

o  L 

[-u(z-h) ]j  ~  J0(Xp)dk 


K( A)exp 


where  c  the  speed  of  light,  ds  is  the  length  of 
the  dipole  carrying  current  1  (resulting  in  a 
dipole  moment  of  Ids),  u  =  (x2  -  k2)^,  and 


is  a  reflection  coefficient,  expressed  in  terms 
of  the  normalized  surface  impedance  A  which  we 
will  define  shortly.  By  use  of  the  identity 

CO 

exp  -  ikr/r  =  j  expf-u(h-z)]  JQ(Xp)dA  (5) 


where 


r  =  (p2  +  (h-z )2 J* 


We  may  put  this  in  the  form: 


Jds 
4  it  i  ew 


r  =  (p2  +  (z-h)2)* 
r‘  =  fp2  +  (z+h)2)^ 


ob 

/i  kA  e 
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We  clearly  have  a  direct  wave  of  the  form: 

ird  =  Ids/(4ni  eu)  exp(ikr)/r  (8) 

with  a  reflected  wave: 

<tr  =  Ids/(4xiew)[exp(ikr'  )/r'  -  2P]  (9) 

(where  r'  is  the  distance  to  the  image  dipole 
source).  Note  that  for  a  perfectly  conducting, 
smooth  ground  P=U.  The  quantity  A  =  z/n  in  the 
above  is  the  surface  impedance  normalized  by  the 
free  space  value  n  =  120  ohms.  The  surface 
impedance  is  the  wave  impedance,  that  is  the 
ratio  of  fields  z  =  E/H,  at  the  surface.  For  a 
smooth  homogeneous  surface  it  is  given  by: 

A  =  Ui/(aj  +  ieja))  (10) 


ui  =  (k2  *  k2)*  ,  kj  =  (w2u1e1  -  imping  (11) 


ki  as  the  wavenumber  bel  w  the  surface,  o>  the 
frequency,  the  conduc  ivity,  e!  and  pj  the 
dielectric  permittivity  and  the  permeability, 
respectively,  with  Refs.  6,  7  giving  corrections 
for  corrugations.  Note  that  it  is  in  general  a 
complex  number;  the  real  part  represents  a 
resistive  component  while  the  imaginary  part 
represents  a  reactance  and  gives  rise  to  the 
wave  trapping  discussed  previously.  The  inte¬ 
gral  may  be  evaluated  using  the  asymptotic 
methods,  yielding  an  expression  containing  the 
complex  error  function.  We  found  it  simplest 
and  most  accurate  to  include  the  results  of 
Ref.  6  by  simply  calculating  the  transmi ssi o.i 
for  a  smooth  surface  and  then  correcting  this 
result  for  the  changed  attenuation,  interpo- 


72-2 


iating  from  a  table  in  frequency,  range,  and  sea 
state  from  the  results  of  Barrick.  His  data 
show  little  effect  below  frequencies  of  3  MHz 
for  propagation  ranges  below  50  km.  Enhance¬ 
ments  in  signal  due  to  trapping  are  typically 
only  fractions- of  a  dB  for  such  ranges  and  are 
therefore  much  smaller  than  other  effects. 
Finally,  integrating  along  the  length  of  the 
finite  channel  segments,  taking  into  account  the 
finite  signal  velocity,  results  in  the  factor  ds 
being  replaced  by  terms  of  the  form 

Lsi nc(kl/2  (v  -  vr)z)  (12) 

where  L  is  the  length  of  the  segment,  and  V  = 
v/c  is  the  normalized  propagation  velocity  and 
sinc(z)  =  sin(z)/z. 

We  will  refer  to  the  signal  discussed  above 
as  the  "ground  wave".  In  addition,  there  is  a 
"sky  wave"  due  to  reflection  by  the  ionosphere. 
Its  treatment  is  analagous,  the  "single  bounce" 
approximation  of  Wait  [11]  being  used  to  find 
the  reflection  coefficient.  References  9  and  10 
give  the  details  of  the  method  used.  The  sky 
wave  is  typically  unimportant  except  at  the 
lowest  frequencies.  Finally,  we  note  that  at 
frequencies  below  1  kHz  it  is  most  appropriate 
to  treat  the  propagation  as  occurring  in  a  wave¬ 
guide  formed  by  the  ground  and  the  ionosphere. 
This  is  discussed  in  Ref.  9  and  will  not  be  dis¬ 
cussed  here. 

RESULTS 

Fig.  2  compares  the  results  of  Ref.  13  with 
our  calculations,  for  a  pulse  propagating  at  the 
speed  of  light  along  a  vertical  channel  with  a 
length  of  150U  m  at  a  distance  of  50  km.  We 
show  results  for  propagation  over  moist  ground 
(the  lowest  curve),  calm  sea,  and  sea  in  "sea 
state  6",  corresponding  to  a  wind  of  30  knots. 

Wp  not-.p  that,  agreement  with  the  propagation  over 
water  is  excellent  for  frequencies  below  10 
MHz.  It  would  seem  that  the  assumed  form  for 
the  current  I(t)  possesses  too  high  a  content  of 
high  frequencies,  possibly  due  to  the  "continu¬ 
ing  current"  term  which  is  discontinuous  near 
t=0.  Note  that  attenuation  over  the  land  is 
somewhat  higher  than  over  the  highly  conductive 
sea  water,  but  that  this  is  significant  only  for 
the  higher  frequencies.  Note  also  that  sea 
state  has  an  almost  i ndi scernable  effect. 

Figs.  3-4  presents  results  for  similar  cal¬ 
culations  for  a  tortuous  channel,  both  for 
pulses  propagating  at  the  velocity  of  light  and 
1/3  that  velocity.  As  the  travel  time  of  the 
pulse  down  the  channel  increases,  due  either  to 
the  lengthening  of  the  channel  or  the  slowing  of 
the  propagation  along  the  channel,  the  reso¬ 
nances  shift  downward  in  frequency  and  the 
structure  of  nulls  in  the  E ( u>)  curve  shifts 
downward.  The  slower  propagation  velocity 
reduces  the  high  frequency  component  somewhat. 
Hence  the  gross  features  of  the  curve,  along 
with  the  location  of  the  resonances  in  frequency 
space,  tell  us  the  gross  properties  of  the 
stroke--its  length  and  propagation  velocity. 


Note  that  we  do  not  include  effects  of  branch¬ 
ing,  there  being  only  one  current-carrying  chan¬ 
nel,  although  it  need  not  be  a  straight  line. 
Additional  branches  can  be  treated  with  a  fairly 
straightforward  modification  of  the  code,  how¬ 
ever. 

Unfolding  the  pulse  shape  would  be  quite  a 
bit  more  difficult.  The  pulse  shape  may  be 
expected  to  change  with  propagation  [9].  The 
pulse  shape  and  the  precise  geometry  of  the 
channel  would  interact  to  give  the  fine  struc¬ 
ture  of  E ( ui)  at  higher  frequencies.  We  could 
hope  to  extract  the  current  as  a  function  of 
space  and  time  only  with  both  optical  measure¬ 
ments  to  supply  channel  geometry  and  an  array  of 
electromagnetic  observations  to  enable  us  to 
separate  signals  from  different  portions  of  the 
stroke.  Note  that  even  the  rolloff  of  signal 
with  frequency  is  a  function  of  both  propagation 
velocity  and  pulse  shape,  ana  therefore  it  would 
be  useful  if  the  optical  observations  would  give 
us  the  former.  There  is  some  hope  that  in  the 
near  future  experiments  in  New  Mexico  may  pro¬ 
vide  us  with  sucli  correlated  measurements. 
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FIGURE  CAPTIONS 


Fig.  1  -  Geometry  for  a  point  source 


Fig.  2  -  Vertical  electric  field  just  above  the 
surface,  as  a  function  of  frequency,,  for  a  ver¬ 
tical  channel  1500  m  long,  carrying  the  standard 
current  pulse  propagating  along  t lie  channel  at 
the  speed  cf  light.  The  curves  are,  from  bottom 
to  top,  for  propagation  ever  moist  ground,  ocean 
water  in  sea  state  six,  and  a  smooth  ocean  sur¬ 
face 


Fig.  3  -  Same  as  Fig.  2,  but  for  a  channel  with 
three  straight  line  segments  connecting  the  fol¬ 
lowing  points  in  Cartesian  coordinates: 

(0,0,0),  (500,500,500;,  (-500,-500,1000), 
(0,0,1500)  where  all  lengths  are  in  meters 


Fig.  4  -  Same  as  Fig.  2,  but  for  a  current  pulse 
along  the  channel  with  a  propagation  velocity  of 
1/3  the  speed  of  light 
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ADP00221  9 


Ronald  I.  Ewing 
Sandia  National  Laboratories 
Albuquerque,  NM  87185 


ABSTRACT 


Two  Navy  Aircraft  (F-14A  and  F/A-18)  were  subjected  to  high-level  lightning 
tests  using  the  Sandia  Lightning  Simulator.  The  peak  pulse  currents  applied  were 
varied  from  9  to  170  kiloamperes.  The  nominal  rise  time  to  peak  was  2  micro¬ 
seconds.  Double-pulse  and  continuing  currents  were  also  applied.  Several  high 
current,  high  voltge  pulses  were  also  obtained.  Ninety-six  test  pulses  were 
applied  to  the  F-14A  and  sixty-four  pulses  were  applied  to  the  F/A-18.  Approx¬ 
imately  eighty  percent  of  these  pulses  met  the  test  specifications  and  essentially 
all  pulses  produced  useful  data. 
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THE  F-lUA  and  F/A-18  AIRCRAFT  were 
tested  as  part  of  Operation  FLLASH 
(Full  Level  Lightning  Aircraft  System 
Hardening)  sponsored  by  the  Ilaval  Air 
Systems  Command  of  the  U.  S.  Depart¬ 
ment  of  the  Navy.  This  paper  will 
present  a  summary  of  the  performance 
of  the  Sandia  Lightning  Simulator 
during  these  tests.  The  results  and 
interpretation  of  the  tests  and 
measurements  made  on  the  aircraft  will 
not  be  discussed  here. 

FACILITY  DESCRIPTION 

The  purpose  of  the  Sandia  Light¬ 
ning  Simulator  is  to  provide  a  facility 
for  studying  the  effects  of  lightning- 
like  currents  on  components  and 
systems  of  interest  to  the  weapons 
community.  Use  of  the  Sandia  Lightning 
Simulator  Is  described  in  detail  else¬ 
where  in  these  proceedings  (See: 

White,  R.  A. ,  Full  Systems  Tests  Using 
the  Sandia  Lightning  Simulator.).  The 
electrical  currents  are  designed  to 
simulate  an  extremely  severe  (up  to 
99th  percentile)  lightning  ground 
return  stroke.  In  addition,  a  multi¬ 
stroke  capability  and  a  continuing 
current  component  are  provided.  The 
simulator  is  in  the  development  stage, 
and  all  tests  are  considered  to  be 
experimental . 

The  current  pulses  sre  provided 
by  oil-insulated  Marx  generators  loca¬ 
ted  in  two  separate  tanks,  each  con¬ 
taining  about  16,000  gallons  of  oil. 

Two  Marx  generators  are  located  in 
each  tank.  In  most  tests,  the  object 
to  be  tested  is  suspended  in  a  coaxial 
fashion  over  the  output  terminal., 
located  between  the  tanks.  The  con¬ 
tinuing  current  is  produced  by  a  motor- 
generator  set  built  from  modified 
diesel-electr ical  traction  motors. 

The  operation  of  the  simulator  is  con¬ 
trolled  from  an  adjacent  shielded  con¬ 
trol  room  that  also  serves  as  the  data 
collection  center. 

AIRCRAFT  TEST  CONFIGURATIONS 

The  aircraft  were  located  out¬ 
doors,  or.  a  concrete  pad  adjacent  to 
the  building  housing  the  simulator. 

An  oil-filled  coaxial  line  arid  high 
voltage  bushing  were  constructed  to 
connect  the  output  terminal  of  the 
simulator  to  the  nose  of  the  aircraft, 
located  over  twenty  feet  apart.  The 
outer  conductor  of  this  line  served 
as  the  ground  return  path  for  the 
injected  current.  The  coaxial  line 
also  contained  a  dummy  load  coil  that 
ecu  Id  be  switched  into  the  circuit 
for  the  purpose  of  adjusting  the 


simulator  parameters  without  applying 
pulses  to  the  aircraft.  The  high  volt¬ 
age  bushing  used  two  atmospheres  of  SF^ 
gas  for  electrical  insulation. 

The  aircraft  test  fixture  arrange¬ 
ment  is  shown  in  Figure  1.  The  output 
of  the  high  voltage  hushing  was  hard¬ 
wired  to  the  nose  of  the  aircraft.  The 
aircraft  was  insulated  from  ground  by 
resting  the  landing  gear  on  individual 
insulating  pads.  The  current  could  be 
extracted  from  the  tail,  wing  tip,  or 
fins  of  the  aircraft,  depending  upon 
the  particular  test.  The  extraction 
point  could  be  hard-wired  or  an  air 
gap  provided.  Air  gaps  up  to  eleven 
inches  were  used  to  cause  the  aircraft 
to  charge  up  to  several  hundred  thous¬ 
and  volts  prior  t'  breakdown  and  cur¬ 
rent  discharge.  A  system  of  cables 
around  the  fuselage  and  wing  of  the 
aircraft  was  used  as  the  ground  return 
system  to  provide  an  approximately 
coaxial  arrangement. 

SIMULATOR  OUTPUT 

The  peak  current  output  of  the 
simulator  was  varied  from  9  to  170 
kiloamperes  by  controlling  the  charge 
voltage  applied  to  the  Marx  generators 
and  by  connecting  one,  two  or  three 
Marxes  in  parallel.  The  lowest  currents 
were  obtained  by  using  a  single  Marx 
generator  and  shunting  part  of  tne 
current  away  from  the  aircraft.  The 
simulator  current  was  measured  using  a 
five  millions:  current  viewing  resistor 
in  series  with  the  ground  current 
return  circuit.  Three  current  wave¬ 
forms  obtained  during  these  tests  are 
shown  in  Figures  2,  3  and  1+ .  The  nega¬ 
tive  going  currents  are  shown  here  as 
they  were  displayed  on  the  recording 
digitizers . 

Figure  2  shows  a  low  current  test 
using  a  single  Marx  with  a  shunt  loca¬ 
ted  in  t.he  oil  tank.  The  current 
reaches  peak  value,  about  15  kilo- 
amperes,  in  just  under  2  microseconds. 

A  laser-triggered  gas  discharge  switch, 
("crowbar")  located  at  the  output  of 
the  Marx,  is  triggered  about  one  micro¬ 
second  after  peak  current.  This  crow¬ 
bar  switch  changes  the  circuit  to  pro¬ 
duce  an  exponentially  decaying  current 
that  falls  to  half  value  in  about  100 
microseconds . 

Figure  3  shows  the  current  wave¬ 
form  obtained  by  using  three  Marx 
generators  in  parallel.  The  time  to 
peak  is  just  under  3  microseconds,  and 
the  crowbar  switches  were  triggered  at 
about  3.8  microseconds. 

Double  pulses  were  also  produced 
in  these  tests,  using  two  Marxes  t.  o 


produce  the  first  pulse,  and  a  single 
Marx  for  the  second.  Figure  U  shows 
one  such  result  on  a  variable  time  base 
as  it  appeared  on  the  digitizer  display. 
The  time  intervals  between  time  scale 
changes  (vertical  lines)  are  indicated. 
The  first  pulse  and  crowbar  are  shown 
in  the  initial  10  microsecond  interval. 
The  time  sweep  was  then  slowed  down  to 
show  the  exponential  decay  of  the  cur¬ 
rent.  A  further  reduction  in  sweep 
speed  shows  the  l6  millisecond  inter¬ 
val  between  pulses.  The  sweep  is  then 
switched  to  the  original  speed  to  show 
the  second  pulse  and  crowbar.  The 
final  1+1*8  microsecond  interval  shows 
the  decay  of  the  second  pulse. 

A  continuing  current  that  aver¬ 
aged  about  300  amperes  for  a  duration 
of  1  second  was  added  to  both  single 
and  double  pulses  for  some  tests. 

For  one  series  of  high  voltage 
tests  the  simulator  was  configured  as 
an  underdamped  circuit  without  the 
crowbar  switch.  This  produced  the 
current  waveform  shown  in  Figure  5, 
with  a  peak  current  of  about  5l+  kilo- 
amperes.  A  capacitive  divider  was 
used  to  measure  the  voltage  at  the  end 
of  the  high  voltage  bushing,  producing 
the  result  shown  in  Figure  6.  The 
peak  voltage  obtained  was  about  1.2 
million  volts. 

SIMULATOR  PERFORMANCE  SUMMARIES 

The  F-lltA  was  tested  over  a  two 
week  period  in  April  1982.  Tests 
were  accomplished  in  9  days.  Two 
night  operations  with  extensive 
photographic  coverage  were  completed. 

The  aircraft  was  passive  for  these 
tests;  that  is,  no  on-board  systems 
were  functioning.  The  number  of  test 
attempts  and  successes  are  shown  in 
Table  1  for  each  of  the  three  current 
levels.  Only  single  pulses  were  used 
in  these  tests,  and  continuing  current 
was  provided  on  two  tests.  A  test 
was  considered  a  success  if  the  desir¬ 
ed  current  level  was  attained  and  the 
level  at  which  the  crowbar  switch 
operated  was  at  least  70  percent  of 
the  peak  level . 

The  F/A-18  was  tested  over  a  four 
week  period  i  11  August  1982.  Tests 
were  accomplished  in  l8  days.  One 
night  operation  was  completed.  On 
sixty  percent  of  the  tests,  the  auxil¬ 
iary  power  unit  of  the  aircraft  was 
operating  and  the  or.-board  aircraft 
systems  were  functioning.  In  addi¬ 
tion,  two  motion  picture  cameras  were 
photographing  the  cockpit  display  area 
during  these  active  tests.  The 
attempts  and  success*.-.  are  tabulated 


in  Table  1.  The  high  current  tests  are 
subdivided  into  single  pulse,  double 
pulse,  double  pulse  and  continuing  cur¬ 
rent,  and  triple  Marx  with  continuing 
current . 

CONCLUSIONS 

Essentially  all  of  the  test  objec¬ 
tives  for  the  Sandia  Lightning  Simulator 
were  achieved  during  these  tests.  This 
includes  low,  intermediate,  and  high 
level  pulses,  double  pulses  and  con¬ 
tinuing  current.  In  addition,  several 
high  current,  high  voltage  (1.2  mega¬ 
volt)  tests  were  achieved,  and  two 
pulses  in  excess  of  1 1*  0  kilo  am  peres 
were  applied.  Of  the  l6o  test  pulses 
applied  to  the  aircraft,  129  (about 
eighty  percent)  were  successful,  where 
success  indicates  that  the  desired 
peak  current  level  was  attained  and 
the  crowbar,  or  exponentially  decaying 
current,  was  obtained.  Most  of  the 
pulses  that  did  not  meet  the  success 
criteria  still  produced  useful  data. 

A  successful  night  operation  with 
extensive  photographic  coverage  was 
carried  out  on  each  aircraft. 


Fig.  1  -  F/A-.L8  test  arrangement 
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Fig.  2  -  Current  vs  time,  low  level 
test 
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AN  IMPULSE  GENERATOR  TO  SIMULATE  LIGHTNING  EFFECTS  ON  AIRCRAFT 


E.  GOCKENBACH,  M,  MOD RU SAN,  H.  SUTTER 
Emile  Haefely  A  Company  LTD,  Basel,  Switzerland 


ABSTRACT 

Lightning  flashes  mainlv  differ  in  current  amplitude,  in  the 
transferred  charge,  and  the  impulse  shapes  of  the  lightning  current. 
A  mobile  impulse  generator  has  been  developed  for  the  simulation  of 
the  ligntning  flash  characteristics.  The  main  parameter  of  this 
newly  developed  lightning  current  simulator  is  the  possibility  of 
simulations  the  different  waveforms  of  the  indirect  current  effects 
with  one  test  equipment.  It  can  produce  unipolar  currents  up  to 
50  kA  with  a  rate  of  rise  of  35  kA/us  for  at  least  1,0  us;  With 
the  same  equipment  oscillating  current  waves  can  be  simulated  with 
peak  values  up  to  120  kA  or  at  frequencies  of  roughly  40  kHz  or 
few  kA  at  frequencies  up  to  130  kHz.  Furthermore,  an  optimal 
combinatli  n  of  test  sets  is  presented  to  simulate  the  direct 
current  effects. 
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GREAT  DIFFICULTIES  are  encountered  when 
a  complete  natural  lightning  flash  must  be 
simulated  in  the  laboratory,  because  the 
natural  lightning  is  a  very  complex  and  vari¬ 
able  phenomenon . 

Most  of  the  voltage  and  current  characteristics 
of  lightning  can  be  effected  '■eparatly  with 
relatively  simple  impulse  generators,  but  the 
simulation  of  the  complete  lightning  process 
necessitates  an  extensive  equipment.  Those 
characteristics  are  of  two  broad  categories 

-  the  voltages,  produced  during  the  lightning 
flash  and 

-  the  currents  that  flow  in  the  completed 
lightning  channel. 

The  simulation  of  the  voltage  waveforms, 
described  in  (1)*  can  be  effected  very  easily 
with  a  standard  impulse  generator  (2).  This 
generator  produces  high  voltage  by  charging 
a  number  of  relatively  low  voltage  capacitors 
in  parallel  and  then  discharging  them  in  series 
through  a  spark  gap  switching  arrangement. 

The  simulation  of  the  current  waveforms 
has  to  consider  two  components 

-  the  simulation  of  the  direct  current  effects 
and 

-  the  simulation  of  the  indirect  current 
effects . 

The  latest  researches  (3)  and  (4)  have 
shown  that  the  effects  of  a  lightning  stroke 
tan  be  represented  through  4  parameters, 
namely ! 

-  the  current  c°ak  amplitude 

-  the  max.  current  slope^di/dt 

-  the  action  integral  fi  dt  and 

-  the  charge  transfer  fi  dt. 

Each  of  these  parameters  is  responsible  for 
a  certain  effect  of  the  lightning  impulse 
and  therefore  mast  be  taken  into  considera¬ 
tion  when  simulating  the  lightning  current 
in  the  .laboratory. 

CURRENT  WAVEFORMS 

As  mentioned  above  the  effects  of  the 
lightning  current  are  classified  in  two 
groups 

-  the  direct  current  effects 

-  the  indirect  current  effects 
considering  the  level  of  the  influence 
parameter  and  the  effects  of  the  parameter 
in  practice.  Table  1  shows  the  main  para¬ 
meters  of  the  lightning  currents.  For  both 
groups  idealized  current  waveforms  have 
been  considered,  which  simulate  in  each 
case  definite  parameters  of  the  natural 
lightning . 

*  numbers  in  brackets  designate  references 
at  end  of  paper 


The  ideal  current  waveform  for  direct 
current  effects  is  shown  on  fig.  1.  The 
current  waveform  is  divided  into  4  compoients. 
Component  A  (initial  stroke) 

Peak  amplitude  -  2  00  kg  ±^10% 

Action  integral  -  2x10  A  -  seconds  A  20% 

Time  duration  -  <  500  ps 
Component  B  (intermediate  current) 

Maximum  charge  transfer  -  10  Coulombs 
Average  amplitude  -  2  kA  A  10% 

Component  C  (continuing  current) 

Charge  transfer  -  200  Coulombs  ±  20% 

Amplitude  -  200-800  A 
Component  D  (.restrike) 

Peak  amplitude  -  100  kA  A^IO^ 

Actio:  integral  -  0,25x10  A  -  sec.  ±  20% 

T.mc  Juration  -  <500  iis 
The  components  take  into  account  the 
statistic  values  taken  from  table  ?.  concerning 
the  current  peak  amplitude,  the  action 
integral  and  the  charge  transfer.  These  3 
influences  parameters  are  responsible  for 
the  direct  effects.  For  the  indirect  effects 
the  current  slope  is  first  of  all  decisive, 
thus  it  determines  the  test  currents  of  fig. 2. 
Waveform  E  -  Peak  amplitude  50  kA,  rate  of 
rise  25  kA/ps  for  at  least  0,5  ps 
Waveform  F  -  T1  =  2  ps  A  20%,  T2  =  50  ps  A  50  % 
Peak  amplitude  =  250  A 

Waveform  G1  -  2  kHz  ±50%,  minimum  20  kA  peak 
Waveform  G2  -  100  kHz  A  30%,  min.  10  kA  peak 

TEST  EQUIPMENT 

The  impulse  generator  for  simulating  the 
indirect  current  effects  i s  housed  in  an 
insulating  cabin  and  placed  ori  a  trailer  with 
the  dimensions  of  10  ro  length,  2,5  m  width 
and  3,5  m  height.  Figure  3  shows  an  outdoor 
photograph.  All  accessories,  which  are 
necessary  for  producing  the  different  current 
waveforms,  and  all  measuring  and  control 
devices  can  b?  stored  in  the  cabin  .  Figure  4 
shows  the  simplified  construction  of  the  tost 
equipment.  It  can  be  divided  in  three  main 
parts,  the  charging  circuit,  the  high  voltage 
circuit  and  the  intermediate  circuit.  Figure 
5  shows  the  simplified  block  diagram. 

The  charging  circuit  is  composed  of  an 
ac  voltage  transformer  with  loo  kV  (rms) ,  a 
full-wave  rectifier  and  a  high-impedance 
voltage  divider.  The  control  of  the  charging 
voltage  occurs  with  a  solid  state  controller. 

The  high  voltage  circuit  is  composed  of 
two  standard  impulse  generators  in  parallel 
witn  3  stages.  Each  stage  has  a  charging 
voltage  of  200  kV  and  an  energy  of  30  kJ. 
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The  connection  between  the  charging 
circuit  and  the  high  voltaye  circuit,  that 
means  the  impulse  generator,  is  done  with 
a  polyethylene  cable.  The  charging  circuit 
is  equipped  with  one  maynetically  actuated 
grounding  switch,  the  high  voltage  circuit 
with  two  grounding  switches  in  the  bottom 
stage.  In  addition  the  high  voltage  circuit 
is  provided  with  a  flexible  strip  -  half 
conducting,  half  insulating  -  which  directly 
grounds  all  impulse  capacitors.  The  high 
voltage  output  is  c-n  the  top  of  the  cabin. 
Fig.  6  shows  an  inaoor  photograph  of  the 
high  voltage  circuit.  The  two  control  units 
are  pieced  in  a  small  control  box  with  0,3m 
height,  0,5  m  width  and  0,5  m  depth.  The 
impulse  rata  comes  to  one  impulse  every  two 
minutes,  whan  the  full  impulse  energy  is 
necessary.  Standard  shunts  together  with 
an  impulse  oscilloscope  are  used  for 
measuring  the  different  currents. 

The  intermediate  circuit  is  necessary 
to  produce  the  various  current  waveforms 
with  one  high  voltage  circuit.lt  consists 
of  a  resistor  and  capacitor  (Waveform  E) , 
resistor  and  inductance  (Waveform  F)(  an 
other  inductance  (Waveform  GX)  and  a 
capacitor  (Waveform  G2) . 

TEST  RESULTS 

WAVEFORM  E  -  the  current  waveform  E 
has  the  following  main  parameter: 

peak  value  50  kA,  rate  of  rise  25kA/ps 
for  at  least  0,5  |js.  Figure  7  shows  the 
schematic  diagram  of  the  high  voltage 
circuit.  The  connaction  between  the  inter¬ 
mediate  circuit  a, id  the  test  object  is  a  1  in 
rod-to-plane  spark  gap.  According  to  F.-g.8 
the  breakdown  voltage  of  this  spark  gap  is 
about  500  kV,  so  that  the  maximum  voltage 
of  the  high  voltage  circuit  was  chosen  to 
600  kV.  The  shape  of  the  current  can  be 
calculated  with  the  following  equation 


The  calculation  does  not  consider  the 
influence  of  the  spark  gap.  The  inductance  of 
the  high  voltage  circuit  is  about  7  pH,  the 
inductance  of  the  total  test  circuit  about 
20  pH.  That  means  about  12  pH  for  the  test 
object.  For  example  a  plane  of  roughly  40  m 
lengch,  with  a  fuselage  diameter  of  3-5  m  and 
a  medium  height  about  the  ground  of  4-6  m  has 
an  indunctance  of  about  12  pH  with  a  simple 
bright  return  line  on  the  ground.  For  usually 
used  coaxial  return-lead  arrangement  a  further 
reduce  of  the  test  circuit  inductance  can  be 
achieved. 

Figure  9  shows  the  oscillogram  of  the 
current  waveform  E.  The  result  of  this  test 
is  a  peak  value  of  about  50  kA  and  a  rate  of 
rise  of  about  22  kA/ps.  According  to  equation 
(1)  the  expected  peak  value  should  be  about 
52  kA  and  the  expected  rate  of  rise  about 
28  kA/ps.  The  reasons  of  the  deviation  is  due 
to  neglecting  the  spark  gap.  With  the  above 
mentioned  intermediate  circuit  the  rate  of 
rise  can  be  increased.  Figure  10  shows  the 
current  wave  with  the  intermediate  circuit. 

The  interpretation  of  the  Oscillogram  results 
i-  a  peak  value  of  52  kA  and  a  rate  of  rise 
of  35  kA/iJs. 

WAVEFORM  F  -  the  main  parameters  of  the 
current  waveform  F  are  the  peak  time  Ti  of 
2  ps  ±  20%,  the  decay  time  to  half  amplitude 
T2  of  50  ps  ±  50%  and  the  minimum  amplitude 
of  250  A.  To  produce  this  waveform  only  one 
stage  of  the  high  voltage  circuit  is 
necessary.  Figure  li  shows  the  schematic 
diagram. 

The  waveform  can  be  calculated  also  with 
eguation  (1) .  The  time  to  crest  can  be 
estimated 

,  _  /LC  In  (x  +  /xJ  -  1)  (2) 
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Figure  12  shows  the  oscillogram  j  the 
current  waveform  F.  The  peak  value  is  about 
0,6  kA,  the  time  Tj  =1,8  ps  and  the  time 
T2  =  6b  ps. 

With  this  test  equipment  a  peak  value 
between  100  A  and  1,5  kA  can  be  obtained. 

A  comparison  between  calculation  and  measuring 
results  in  a  very  good  correspondence. 


Tb  =  VLC  (x  -  /xz  -T) 

R,  u,  C  are  the  parameters  of  the  series 
resonant  circuit.  The  maximum  rate  of 

rise  is  given  by  the  equation  Smax  _  U_ 

L 

with  U  -■■■  total  charging  voltage 
L  =  circuit  inductance 


WAVEFORM  G  -  the  waveform  G  is  divided 
into  two  oscillating  current  waveforms  with 
different  frequencies  and  peak  values.  The 
current  waveform  G1  has  a  frequency  of 
2  kHz  ±  50%  and  a  minimum  peak  value  of  20  kA. 
the  current  waveform  G2  a  frequency  of 
100  kHz  ±  30%  and  a  minimum  peak  value  of  lOkA. 
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For  the  current  waveform  G1  Figure  13  shows  the 
schematic  diagram.  The  stages  of  the  impulse 
generator  are  all  connected  in  parallel.  The 
expected  peak  value  can  be  verified  with  the 
equation 

7  ~  0  «  U  *  /C'  (3) 

*  L 

11  =  utilization  factor  (0. 8..  0.93) 
with  U  »  charging  voltage 

C  =  impulse  capacitance 
L  -  inductance  of  the  total  Lest 
circuit 

This  impulse  has  a  very  high  cnarge,  which 
can  be  expressed  by  equation 


with 

Ii  =  first  curre.it  peax 

1/K  =  ratio  first  current  peak  to 

the  next  opposite  current  peak 

This  waveform  caused  a  strong  stress  of  the 
capacitors,  because  of  large  voltage  reversal. 

In  Figure  i4  the  measured  current  waveform 
G1  is  shown.  The  frequency  is  about  2,5  kfiz 
and  the  pea*  value  of  the  current  about  20  kA 
and  the  charge  value  about  10  As. 

For  the  current  waveform  G2  Figure  IS 
shows  the  schematic  diagram.  There  is  only 
required  a  half  stage  of  the  impulse  geneiatcr. 

With  a  charging  voltage  of  200  kv  a 
peak  value  of  12  kA  can  be  reac.ied.  The 
frequency  can  be  charged  in  a  few  steps 
between  80  and  130  kHz.  Figure  16  shows  1  be 
oscillogram  of  the  current  waveform  G2.  The 
frequenev  is  122  kHz  utxi  the  peak  value  10  kA. 

Also  with  the  current  waveform  G  the 
agreement  between  the  measured  and  calculated 
parameters  is  very  good. 

With  the  above  mentioned  test  equipment 
the  current  waveforms  E  to  g  can  be  simulated 
with  one  nigh  voltage  circuit.  Only  the 
intermediate  circuit  has  to  be*,  adapted  to 
the  different  waveforms.  For  practical 
purposes  it  has  mentioned,  that  the  test 
equipment  in  available  on  site  in  less  than 
half  an  hour.  Only  the  connections  of  the 
power  supply  and  the  control  box  are  necessary. 
The  time  to  convert  the  test  equipment  from 
one  current  waveform  to  another  is  in  the 
range  between  15  and  30  minutes. 

Table  2  shows  together  all  the  results 
of  the  simulating  indirect  current  effects 
with  the  different  waveforms. 


WAVEFORMS  A  -  D 

The  simulation  of  the  direct  current 
effects  necessitate  extensive  equipments. 

The  current  waveform  shown  in  fig.  1 
can  be  realized  by  means  of  an  installation, 
composed  of  several  sectional  installations, 
being  controlled  by  a  single  control  device. 
Thereby,  for  economical  reasons,  it  is  im¬ 
portant  to  generate  the  required  unipolar 
impulses  using  for  example  a  crowbar  system 
as  an  intermediate  circuit.  The  high  voltage 
circuit  with  the  impulse  generator  remains 
naturally . 

Cscilxograms,  measured  in  a  coupling 
arrangement  with  crowbar  system  are  given 
in  fig.  i7 .  Theme  t  it  is  noticed  that  in 
this  circuit  an  unipolar  steep  front  pulse 
with  a  long  time  on  half-vaiue  can  be 
genera tad.  This  connection  corresponds  to 
the  most  economical  solution  for  component 
A  and  D  of  the  impulse.  By  shifting  the 
trigger  instant  of  the  crowbar  switch,  the 
pulse  length  and  consequently  the  charge  as 
well  as  the  action  integral  can  be  varied. 

For  the  present  installation  a  100  kV 
crowbar  switch  was  developped.  Depending  on 
the  instant  of  short-circuiting  the  crowbar 
switch  features  a  triggering  range  of  approx. 
30%  to  50%.  The  large  triggering  range  of  the 
discussed  crowbar  for  100  kv  was  realized  by 
means  of  a  longitudinally  triggered  multiple 
spark  gap.  built  of  5  partial  spark  gaps. 

The  equivalent  circuit  of  an  installation 
ior  '.he  current  component  3  is  given  in  fig. 
18.  A  typical  current  waveform  is  presented 
in  fig.  19.  The  duration  of  the  square  wave 
current  T  -  )  ,75  S  ZhLC  and  the  amplitude  of 
che  peak  value  of  the  current  I  =  u/(R  +Z) , 
whereby  Z=/ t,/c',  are  adjustable  by  the  inter¬ 
mediate  circuit  elements.  A  practical  execu¬ 
tion  or  an  installation,  suitable  for  cur¬ 
rent  component  B,  is  shown  in  fig.  20. 

The  partial  component  C  of  the  lightning 
current  in  generated  most  economically  b'  a 
battery,  being  connected  through  a  thyristor 
switch.  Fig.  21  shows  an  installation  carried 
out  for  current  components  a  ar.d  C,  Thereby 
the  charge  stored  i -  the  accumulator  battery 
is  500  Coul,  i.e.  1 00  A  can  be  delivered  up  to 
max.  1  sec. 

Fig.  22  qi'’es  the  circuit  diagram  oi  a 
complete  installation,  being  capable  to 
yield  a  lightning  current  according  to  fig. 

1  for  the  simulation  of  the  dirset  effects. 
The  lightning  current  generator  can  Le 
optimized  to  a  further  extent  by  choosing 
the  roost  adequate  charging  voltage.  The  level 
of  the  charging  voltage  mainly  depends  on  the 
inductance  of  the  test  object  and  on  the 
required  impulse  waveform  /6/ .  The  smaller 
the  charging  voltage  can  be  chosen,  the  more 
favorable  are  the  expenses  for  the  who] e 
installation. 


Owing  to  the  high  current  impulses,  the 
installation  in  question  was  built  to  a 
charging  voltage  of  100  kV.  If  a  lightning 
impulse  simulator  is  to  be  optimized  with 
regard  to  the  direct  current  effects,  a 
lower  charging  voltage  will  be  chosen. 

Table  3  summarizes  the  characteristic 
values  of  a  lightning  current  simulator, 
which  ones  c<^n  be  achieved  at  a  charging  'ol- 
tage  of  20  kV.  For  simulating  the  direct 
effects,  this  proposed  generator  is  considered 
to  be  an  optimal  solution. 


SUMMARY 

1.  The  test  equipment  for  the  simulation  of 
indirect  current  effects  is  placed  on  a 
trailer  and  therefore  very  mobile 

2.  The  current  waveforms  can  be  simulated 
with  one  high  voltage  circuit 

3.  Only  the  intermediate  circuit  has  to  be 
adapted  to  the  requested  waveform 

4.  With  the  waveform  E  a  peak  value  of 
more  that  50  kA,  a  ratu  of  rise  of  35 
kA/Us  and  a  decay  time  to  the  half 
value  of  about  10  ys  was  reached  with 
aim  spark  gap 

5.  The  time  to  convert  the  test  equipment  is 
in  the  range  of  approx,  ten  minutes 

6.  For  all  current  waveforms  measuring  and 
calculations  agree  very  well 

7.  The  simulation  of  the  direct  current 
effects  needs  extensive  test  equipments 

8.  An  optimal  solution  for  simulating  direct 
effects  is  proposed 
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Fig.  1  -  Idealized  current  test  waveform 

components  for  evaluation  of  direct 
effects 


Fin.  4  -  Top  view  of  the  charging  and  high 

vcltage  circuit 

1  Charging  circuit 

2  Impulse  capacitor 

3  Spark  gaps 


circuit  circuit  circuit  object 

Fig.  5  -  Block  diagram  of  the  complete  test 

circuit 
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Table  1  -  Influence  parameters  of  lightning  currents 


i 


Parameter 

neg.  Polarity 

pos.  Polarity 

5  %  value 

5  %  value 

50  %  value 

i  in  kA 

80 

30 

250 

35 

,  di  kA 

dt  ys 

120 

40 

32 

2,4 

, .  2  .  2 

1 i  dt  in  A  s 

0,55.106 

0,05B.106 

0,65  .  106 

/  i  dt  in  As 

40 

7^,5 

, 

350 

80 

Table  2  -  Results  of  the  simulating  indirect  current  effects 


Waveform 

Type 

Charging 

voltage 

kV 

Energy 

l 

kj 

Current 

Peak  value 

kA 

di/at 

bei 

0,  5  Us 
kA/Us 

Tl 

ys 

T2 

ys 

T 

ys 

E 

600 

180 

52 

35 

2  • 

10 

F 

40 

15 

0,6 

1,8 

65 

G 1 

185 

lr<5 

20 

400 

G2 

200 

30 

10 

! 

8 

Table  3  -  Characteristic  values  of  a  lightning  impulse  simulator 
for  direct  current  effects 


Component 
ot  current 

waveform 

(fig.l) 

U 

kV 

E 

kJ 

I 

max 

kA 

T 

D 

1 

T 

r 

Vis 

/ i  dt 

As 

/i  2dt 
A2s 

rain 

mi  n 

A 

20 

100 

200 

15 

50. .500 

10 

2.106 

B 

20 

100 

2 

- 

10 

- 

c 

0,5 

- 

0,5 

- 

500 

- 

min 

D 

20 

25 

100 

25. .500 

2,5 

0,25.10 

kV 


Fig.  V  -  Schematic  diagram  of  the  high 
voltage  circuit  (waveform  E) 

R  charging  resistor 

Li 

Rp  parallel  resistor 
Rs  series  resistor 
C  impulse  capacitor 
Rsh  measuring  shunt 


Charging 

circuit 
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lN 


D". 


0Rsh 


Measuring 

d*vic» 


Intamtdiat* 

circuit 


Fig.  11  -  Schematic  diagram  of  the  high  voltage 
circuit  (waveform  F) 

Designation  of  the  elements  see 
Fig.  7 


Charging 

circuit 


--T---0  O— 
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M*amnna 

dfVICJ 


tntrmfdiatt 

circuit 


Fig.  15  -  Schematic  diagram  of  the  high  voltage 
circuit  (waveform  G2) 

Designation  of  the  elements  see  fig.  7 


Fig.  8  -  Breakdown  voltage,  of  a  rod-to- 

plarie  spark  gap  as  a  function  of 
the  gap  distance  at  standard 
atmospheric  conditions  (20°C, 
1013  mbar  11  g/m3) 


Charging 

circuit 


-6  o 


Rp 


Intermediate 

circuit 


Measuring 

device 


Fig.  13  -  Schematic  diagram  of  the  high 
voltage  circuit  (waveform  G1 ) 
Designation  of  the  elements  see 
fig.  7 
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Fig.  18  -  Schematic  diagram  of  square  wave 
generator 


Fig.  .22  -  Schematic  diagram  of  complete 

lightning  stroke  test  equipment  for 
direct  current  effects 
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Fig.  16  -  Oscillogram  of  the  current  waveform  G2 
Peak  value:  10,2  kA  Lower  beam:  2,5  Us 
Frequency:  122  kHz  Upper  beam:  10  ys 


i-ig.  9  -  Oscillogram  of  the  current  waveform: 

E  without  intermediate  circuit 
Peak  value:  50  kA  Upper  beam:  1  Us/div 

Rate  of  rise:  22  kA/ys  Lower  beam:  2,5  Us/div 


Fig.  14  -  Oscillogram  of  the  current  waveform  Gl 
Peak  value:  20,5  kA  Lower  beam:  100  ys 
Frequency:  2,5  kHz  Upper  beam:  500  ys 


Oscillogram  of  the  current  waveform 
F 

Peak  value:  580  A 
Ti  1,8  ys  T2  65  ys 
Upper  beam:  1  ys 
Lower  beam:  10  ys 


Fig.  10  -  Oscillogram  of  the  current  waveform 
E  with  intermediate  circuit 
Peak  value:  52  kA 
Rate  of  rise:  35  kA/ys 
Upper  beam:  1  ys 
Lower  beam:  2,5  Us/div 
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Fig.  20  -  Square  wave  generator  for  component 
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Fig.  17  -  Oscillogram  of  the  current  waveform 

with  a  crowbar  system  as  intermediate 
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Fig.  19  -  Oscillogram  of  square  wave  current 
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MEASUREMENTS  AND  THEORETICAL  ANALYSIS  OF  A  FULL  SCALE  NEMP 
TYPE  LIGHTNING  SIMULATOR  FOR  AEROSPACE  VEHICLES 
J.D.  Robb,  Liqhtninq  &  Transients  Research  Institute 
R.  A.  Peraia,  Electro  Maqnetic  Associates 


'in  an  earlier  paper,  it 
was  suqqested  that  peak] nq  capacitors 
such  as  are  used  in  nuclear 
electromaqnetic  pulse  simulators  be 

used  to  supply  the  fast  current  rise 
times  which  have  been  indicated  in 
recent  researches  in  the  field  of 

liqhtninq  spherics  and  Liqhtninq 
strikes  to  aircraft.  A  more 
quantitative  experimental  and 

analytical  study  has  been  undertaken 
to  examine  the  feasilibilitv  and  the 
siqnificant  parameters  for  such  a 
system.  The  results  of  the  studies 
have  indicated  that  averaqe  liqhtninq 
currents  of  20,000  to  40,000  amperes 
with  moderately  fast  rise  times  of  100 
nanoseconds  (which  is  an  order  of 
maqnitude  improvement  )•  can  be 
achieved  fairly  economically,  but  that 
rise  times  of  the  order  of  30  to  50 
nanoseconds  would  increase  the  cost 
and  desiqn  difficulties  siqnif icantly . 
What  remains  to  be  determined  is  the 
statistical  distribution  of  currents 
and  risetimes  in  strikes  to  aircraft. 
A  number  of  fliqht  research  programs 
are  currently  underway  which  are 
accumulatinq  data  for  establishment  of 
new  rise  time  test  standards., 

THE  RECENT  WORK  done  in  the 
characterization  of  liqhtninq  by  the 
Fliqht  Dynamics  Laboratory  and  NASA 
has  revealed  that  the  risefimes  of 
liqhtninq  return  stroke  components  are 
on  the  order  of  100  nanoseconds.  This 
is  an  ordfV"  of  manni  t-iirlo  faster 
the  previously  accepted  risetime  of 
one  microsecond.  The  faster  risetime 
produces  more  energy  at  frequencies  of 
aircraft  resonances  than  previously 
anticipated.  Enerqv  couplina  to  the 
aircraft  interior  can  be  due  to  both 
electric  and  maqnetic  field 

penetration  of  apertures  and  the 
faster  risetimes  increase  this 
couplinq.  At  present,  most  impulse 
qenerators  for  liqhtninq  simulation 
are  desiqned  to  qenerate  one  to  two 
microsecond  risetimes  and  cannot 
simulate  the  newly-revealed  threat. 
Modifvinq  present  qenerators  to 


achieve  the  fast  risetimes  and  large 
voltage  levels  is  not  a  simple  task 
because  inherent  generator  resistances 
and  inductances  limit  the  magnitude  and 
risetime  of  generator  output. 


ANALYSIS 

It  is  therefore  desirable  to 
design  a  new  type  of  simulator 
suitable  for  testing  aircraft  to  this 
new  threat.  Design  of  such  a  simulator 
involves  both  analysis  and  test.  The 
objective  of  the  analysis  phase  as 
discussed  in  this  section  is  to 
provide  analytic  (numerical)  results 
to  support  the  design  of  such  a 
simulator . 

The  analytic  results  fall  into 
three  areas: 

o  QUANTIFICATION  of  the  results  for 
a  test  cylinder 

o  QUANTIFICATION  of  results  for  an 
F-16  in  a  proposed  simulator 

o  INVESTIGATION  of  pulse  generator 
shielding  requirements. 

A  test  cylinder  30'  long  and  6' 
in  diameter  is  used  as  both  an 
experimental  and  numerical  test  bed 
for  investigating  the  basic  simulator 
concepts.  Parameter  studies  of  the 

cylinder  response  are  accomplished  for 
variations  in  geometry,  pulser 
waveshaping  elements,  termination 
impedances,  and  spark  gap 

configurations . 

These  cylinder  results  are  then 

used  to  provide  insight  into  the 
response  of  a  full  size  aircraft  (the 
F-16)  in  the  proposed  full  scale 
simulator  design.  Parameter  studies 
are  also  done  in  this  case  for 
variations  similar  to  that  in  the 

cylinder  case.  It  was  found  that  the 
valves  of  injected  current  and  its 

derivative  were  greatly  dependent  upon 
the  size  of  the  peaking  capacitor 
which  was  used.  The  size  of  this 
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figure  2  Injected  Current  for  Baseline  Configuration 
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capacitor  is  greatly  determined  by 
economic  factors  but  a  modest 
investment  in  a  1000  pf .  capacitance 
can  provide  currents  on  the  order  of 
35-40  KA  with  rise  rates  exceeding 
5X10"  A/m/s. 

One  item  of  concern  is  the 
potential  need  for  shielding  the  Marx 
generator.  This  is  a  great  cost  item, 
and  it  is  worthwhile  to  determine  the 
extent  to  which  a  shield  is  needed.  It 
was  found  that  construction  of  an 
expensive  quality  overall  shield  is  not 
warranted,  although  an  inexpensive 
isolation  flat  screen  would  be 
desirable.  Signal  to  rise  ratios  of 
45  dB  are  expected. 


RESPONSE  OF  THE  RIGHT  CIRCULAR 
CYLINDER 


MODELLING  APPROACH 

A  right  circular  cylinder  test 
bed  is  used  to  provide  basic 
configurations.  The  basic  cylinder 
configuration  is  shown  in  Figure  1, 
which  includes  the  Marx  generator, 
measurement  point  locations,  geometry, 
and  spark  gaps  and  terminations.  This 
geometry  is  solved  by  treating  it  as  a 
nonuniform  transmission  line. 

The  model  combines  the  solutions 
for  the  telegrapher's  equations  in  the 
test  fixture  itself  with  the  solutions 
for  the  circuit  which  represents  the 
Marx  generator.  The  solution  is 
accomplished  in  the  time  domain  using 
finite  difference  techniques  (1). 

The  geometrical  inputs  for  uhe 
model  ate  the  per  unit  length 
capacitance  and  inductance  which  are 
simply  related  to  the  characteristic 
impedance  Zo  (2,3).  The  transmission 
line  is  nonuniform  in  that  Zo  is 
different  on  the  end  cones  from  that  on 
the  cylinder.  It  is  not  possible  to 
taper  the  conic  sections  so  that  Zo  is 
preserved,  because  of  the  requirement 
to  have  feed  points  and  terminations 
which  occupy  finite  amounts  of  space. 

The  cell  size  used  was  .0762  m 
and  the  time  step  was  100  ps. 

RESULTS 

A  considerable  number  of 
parameters  were  varied  to  quantify  the 
i  sponse  of  the  cylinder  in  the  test 
fixture.  The  parameters  considered 
are  listed  in  Table  I. 


TABLE  I 

PARAMETER  VARIATIONS 

o  Gap  Locations:  Front,  Back,  Both 

o  Characteristic  Impedance:  No.  of 
Wires,  Distance  from  Cylinder,  Size 
of  Wires  (6  Cases) 

o  Termination  Load:  Open,  Short, 
Matched,  10  Ohms 

o  Series  Inductance  J,s:  50  nH,  and  for 
30  ns  and  300  ns  F.lsetimos 

0  Peaking  Capacitance:  1  nf,  e  nf,  5 


RESPONSE  OF  THE  BASIC 
conf iguration  includes  the  Marx 
generator  of  Fig.  1.,  a  peaking 
capacitance  of  1  nf ,  a  transmission 
line  characteristic  impedance  Zo  of 
71.4  n,  a  gap  at  the  front,  a 
termination  impedance  equal  to  the 
characteristic  impedance,  and  a  series- 
inductance  which  giu-es  a  risetime  of  30 
ns.  The  output  spark  gap  fires  when 
the  voltage  on  the  peaking  capacitor 
reaches  300  kV. 

THE  INJECTED  CURRENT  is  shown  in 
Fig.  2. 

One  may  observe  that  for  this 
case,  the  response  can  be  thought  of 
as  the  sum  of  initial  short  fast 
risetime  pulse  and  a  long  slow 
risetime  pulse.  These  two  pulses  are 
relatively  independent  of  each  other 
and  can  be  closely  calculated  by  simple 
analytic  formulas.  Each  pulse  can  be 
thought  of  as  coming  from  an  RLC 
circuit  made  up  of  the  series 
comDination  of  the  pear.ing  capacitor, 
waveshaping  inductor,  twid  ?.  resistor 
equal  to  the  characteristic  impedance. 
The  long  pulse  comes  from  the  series 
RLC  circuit  made  up  of  the  Marx 
capacitance,  the  sum  of  the  Marx 
resistance  and  the  characteristic 
impedance.  It  j.u  easily  seen 


Fiyure  3  Simple  RLC  Circuit 
Model 
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thft  for  the  simple  overdamped 
circuit  of  Fig.  3,  if  one  defines 


then  the  current  I(t)  is  given  by 


-a  t  -a  t 

I ( t )=V/L (  a+-  a. ) ) (e  *  -e  ),(2) 

Thus  each  of  the  pulses  of  Fig.  2 
is  double  exponential  described  by 
equation  2. 

VARIATION  OF  CHARACTERISTIC 

IMPEDANCE 

A  parameter  study  of  the  of  the 
characteristic  impedance  of  the 
cylinder  in  the  wire  cage  was  done. 
Wire  spacing  (i.e.,  distance  from  the 
cylinder),  the  number  of  wires,  and 
the  wire  size  was  varied.  The  results 
are  summarized  in  Table  2.  It  can  be 
seen  that  the  results  vary  from  67  to 
130  n,  a  span  of  a  nominal  factor  of 
2. 


TABLE  2 

CYLINDER  PARAMETERS 


Wire 

Wire 

No.  of 

Surge 

Size 

Space 

Wires 

Imped 

.  1 

5 

16 

71.4 

.  1 

5 

8 

1U2.0 

.  1 

5 

32 

67.4 

.  1 

10 

16 

109 . 0 

.1 

15 

16 

130  ,  1 

.6 

5 

16 

64 . 8 

VARIATIONS  IN  INJECTED 

CURRENT 

The 

variation  in 

injected  current 

as  a 

function  of 

Zo  and 

peaking 

capacitance  is  given 

in  Fig 

4  and 

Fig .  5 

respectively . 

It  is  noted  that 

the  rear  gap  case 

results 

in  less 

injected 

current,  although 

the  exit 

current  would  be  greater  in  this  case. 
Currents  well  over  4000  A  are 
possible,  for  a  drive  voltage  of300 
kilovolts  and  the  importance  of  having 
as  large  a  peaking  capacitance  and  as 
small  a  character i stic  impedance  as 
possible  is  evident. 


THREE  DIMENSIONAL  AIRCRAFT 
RESPONSE  IN  A  FULL  SCALE  SIMULATOR 

Modelling  Approach  -  The  three 
dimensional  finite  difference 
techniques  (1)  is  used  to  model 
the  response  of  a  full  size  aircraft 
in  a  full  scale  simulator.  The 
configuration  is  shown  in  Fig.  6.  The 
large  clearances  are  required  to 
provide  sufficient  voltage  stand  off 
such  that  arcing  of  the  aircraft  to 
tne  outer  wire  grid  does  not  occur. 
Voltages  exceeding  6  MV  are  expected 
on  the  aircraft. 

Tho  aircraft  is  an  F-16,  and 
shape  of  the  computer  model  is  shown 
in  Fig.  7.  The  cell  size  is  1  meter 
in  the  longitudinal  direction,  and  is 
1/2  meter  in  the  other  directions.  The 
time  step  is  2  ns.  Because 
approximately  5  cells  are  required  to 
resolve  a  wavelength,  the  upper 
frequency  limit  of  the  computation  is 
60  MHz.  The  erected  Marx  voltage  is  MV. 
Measurement  points  include  the 
injected  current  and  E  and  H  fields 
near  the  cockpit. 


RESULTS 

Results  for  1000  of  peakinq 
capacitance,  a  naveshapinq  inductance 
of  2  uH,  and  a  /'3  ohm  temination 
resistor  are  illustrated  in  Fiq.  8. 
The  peak  initial  current  of  about  45 
kA  is  unchanqed  with  various 
termination  resistances,  but  the  late 
time  responses  are  cruite  different,  as 
expected.  The  aircraft  resonates  with 
the  peakinq  capacitor  initially  and 
then  with  the  Marx  qenerator  in  the 
late  time  phases.  The  same  basic 
frequency  of  about  5  MHz  is  aqain 
excited,  as  was  the  case  for  200  nf 
peakinq  capacitance.  Aqain,  the  late 
time  increase  in  currents  for  the  lower 
resistances  are  caused  by  the 
discharqe  of  the  Marx  qenerator.  Other 
oscillations  at  10  MHz  are  evident 
for  hiqher  termination  resistances, 
correspondinq  to  the  half  wave 
resonance  of  the  aircraft  in  the 
fixture. 

Parameter  studies  were  done  for 
various  combinations  of  peakinq 
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capacitance  and  waveshapinq 
inductance.  The  results  are 
summarized  in  Table  3,  which  shows  the 
rise  time  and  injected  current, 
maqnetic  field,  electric  field,  and 
their  derivatives.  The  fields  are 
measured  at  the  test  point  shown  in 
Fiq.  7. 

Several  thinqs  are  evident  from 
this  data; 

The  level  of  peak  in  jected 
current  is  qreatly  dependent  upon  the 
value  of  the  peakinq  capacitance.  This 
is  primarily  an  economic  decision, 
because  larqe  niqh  voltaqe  capacitors 
are  expensive.  Because  Ls  probably 
cannot  be  made  much  less  than  8uH, 
peak  currents  of  about  15  kA  are  to  be 
expected  from  a  1000  pf  capacitance. 

VALUES  OF  I  OVER  5  X  10"  A/m/sec 
should  be  obtainable  with  the 
simulator.  This  is  in  the  ranqe  of 
values  presently  inferred  from  recent 
LEMP  field  measurements. 

VALUES  OF  E  AND  H  on  the  same 
order  of  that  caused  bv  nuclear  EMP  (> 
10  V/m/sec  and  10"  A/m/sec 
respectively)  are  possible  to  achieve. 

AIRCRAFT  RESONANCES  are  excited. 
Their  amplitudes  are  of  course 
dependent  upon  the  risetime.  If  the 
minimum  achievable  inductance  of  the 
peakinq  oanacitor  output  circuit  is  on 
the  order  of  8-10uH,  then  minimum 
risetimes  on  the  order  of  100  ns  are 
probably  the  best  one  can  expect. 


EXPERIMENTAL  STUDIES 

Based  on  the  analytical 
investigations,  a  nomi  ial  system  was 
selected  for  the  low  level 
experimental  tests  with  voltaqe 
scaling  of  about  10  percent  and  size 
scaiinq  of  approximately  full  scalo. 
The  teat  voltaqe  was  200  to  300 
kilovolts  usinq  a  Marx  generator 
drive.  The  resultant  data  was  to  be 
used  alonq  with  the  analytical  data 
to  desiqn  the  full  scaile  four  meqavolt 
system.  The  test  arranqement  is  shown 
in  Fiq. 9.  It  consists  of  the  Marx 
qenerator,  the  peaking  capacitors,  the 

feedpoint  sparkqap,  all  housed  in  a 
weather  shelter,  the  test  object,  in 
this  case  the  6-foot  diameter  b’r 
30-foot  ionq  cylinder,  and  the 
downstream  soarkqap  or  termination 
resistor.  Plywood  and  2  x  4  lumber 
were  used  in  fabricating  the  test 
arranqement.  The  tests  were  carried 
out  with  the  variation  basically  in 
the  terminations  at  the  far  end  of  the 
array. 


The  result  of  the  tests  are 
presented  in  Table  4  and  in  the 
oscillograms  of  Fiq. 10a,  and  b  for  a 
terminated  line  and  a  line  with  a  far 
end  sparkqap  output.  As  shown  in 
Fiq. 10a,  the  current  waveform  of  the 
experimental  test  arrangement  showed  a 
rise  time  of  approximately  100 
nanoseconds  on  the  linear  portion  of 
the  front  of  xa^e  followed  by  the  more 
slowly  risinq  pulse  from  the  Marx 
qenerator  drive.  The  time  duration 
of  the  impulse  was  approximately 
three  microseconds.  The  array  spacing 
was  5  feet  from  the  cylinders  to  the 
wires  and  with  300,000  volts  applied, 
this  resulted  in  a  radial  electric 
field  of  about  150,000  volts  per 
meter.  With  the  70  ohm  termination, 
the  current  peak  was  approximately 
4,^00  amperes.  With  the  far  end 
output  gap,  the  current  oscilloqram  is 
less  smooth  throughout  the  entire 
duration  of  the  wave.  One  of  the 
aims  in  the  desiqn  was  to  investigate 
the  feasibility  of  usinq  a  non-EMP 
peakinq  capacitors  in  order  to  reduce 
the  cost  of  the  system  and  in  the  test 
arranqement,  standard  energy  storaqe 
capacitors  were  used.  The  addition  of 
inductance  to  the  input  of  the  vehicle 
was  suqqesf.ed  on  the  basis  of  the 
analysis  f>s  clean.inq  up  the 
wavefront.  The  solution  of  usinq 
additional  inductance  suqqests  that  if 
inductance  is  added  to  the  input  to 
the  vehicle,  then  there  is  no 
requirement  for  providing  special  low 
inductance  peaking  capacitors,  and  this 
wes  found  to  be  the  case,  but  only  if 
a  100  nanosecond  rise  time  ic 
adequate.  If  the  faster  risetimes  of 
30  to  50  nanoseconds  are  required, 

then  the  input  inductance  must  be 
reduced  and  the  capacitors  must  be  the 
higher  cost  low  inductance  capacitors, 
at  the  expense  also  of  a  less  clean 
wavef  rent . 


FULL  SCALE  DESIGN 

The  full  scale  test  arranqement 
is  shown  in  Fiq.  6  .  The  vehicle 
be; nq  tested  is  set  up  on  wood  block 
for  insulation  and  the  array  qrid  is 
supported  by  fiberqlass  lamp  posts.  A 
simple  lumber  structure  is  used  for 
support  of  the  EMP  peakinq  capacitors 
and  these  in  effect  act  as  the  hiqh 
voltaqe  bushing  to  equalize 
(linearize)  the  voltaqe  equally  across 
the  entrance  to  the  transmission  line 
array.  High  voltage  input  bushing 
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desiqn  is  always  a  di t t lcultproDlem 
for  hiqh  voltaqe  systems.  The  peakinq 
capacitors  are  in  effect  also  used  to 
equalize  the  voltaqe  across  the  array 
input  to  help  .  in  solvinq  this  problem. 

The  output  firlnq  qap  and  the 
downstream  qap  or  termination 
resistor  are  fabricated  of  fiberqlass 
qasoline  storaqe  tanks  supported  on  a 
wood  structure.  Simple  plumbinq 
hardware  is  used  for  the  sphere  qaps 
in  order  to  minimize  the  system  cost. 

CONCLUSIONS 

The  analytical  and  experimental 
studies  have  verified  that  the  NEMP 
peakinq  capacitor  approach  can  be  used 
for  liqhtninq  simulators  to  provide  an 
order  of  maqnitude  improvement  in 
current  rise  times  over  existinq 
liqhtninq  simulators  and  with 
relatively  clean  wavefronts.  Also, 
electric  and  maqnetic  field  rise  times 
and  maqnitudes  comparable  to  the 
maqnitudes  measured  in  fliqht  data  can 
be  obtained.  Risetimes  of  the  order 
of  100  nanoseconds  can  be  obtained 
relatively  easily,  but  risetimes  of 
the  order  of  30  nanoseconds  would  be 
more  expensive  and  difficult  to 
obtain.  The  remaininq  question  will 
be  to  decide  what  rise  times  should  be 
used.  Current  Fliqht  Dynamics 
Laboratory  and  NASA  fliqht  proqrams 
should  help  to  provide  data  for  this 
purpose . 
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ABSTRACT 

Yhe  goal  oi  lightning  simulation  testing  of  aircraft  is  to 
ensure  flight  safety.  The  realism  of  each  simulation  is  limited 
by  the  complexities  of  both  the  lightning  environment  and  the 
aircraft  itself.  As  the  natural  threat  becomes  better  understood 
and  improved  test  techniques  are  developed,  the  modern  light¬ 
ning  laboratory  must  continually  upgrade  its  equipment  and 
facilities  to  meet  the  need  for  more  accurate  test  simulation. 
This  paper  describes  the  major  test  improvements 
incorporated  in  the  McDonnell  Aircraft  Company  (MCAIR) 
lightning  laboratory. 

i 


THE  MCDONNELL  AIRCRAFT  COMPANY  lightning 
simulation  laboratory  was  initially  developed  in  1968  to 
provide  the  minimum  test  capability  needed  to  qualify  fighter 
aircraft  under  then  existing  military  specifications.  Over  the 
years,  the  laboratory  has  been  gradually  upgraded  and 
enlarged  to  include  the  simulation  of  all  the  important  aspects 
of  the  natural  lightning  environment,  as  well  as  other  related 
high-voltage  and  high-current  phenomena.  This  paper 
summarizes  the  major  laboratory  improvements  which  have 
been  implemented  during  the  past  five  years  to  keep  pace  with 
the  expanding  threat  definition  and  advanced  design  trends. 


These  submicrosecond  current  and  field  changes  may  present 
a  significant  hazard  to  aircraft  because  they  can  efficiently 
excite  aircraft  resonances  which  could  be  coupled  into 
sensitive  interior  electronic  systems.  Flight  programs  have 
confirmed  that  aircraft  resonances  are  excited  by  direct  and 
nearby  lightning  strikes.  Lightning  test  techniques  must 
therefore  be  modified  to  both  excite  and  measure  the  impact 
of  such  resonances. 

As  a  result  of  the  better  understanding  of  lightning  and 
its  interaction  with  aircraft,  lightning  testing  specifications 
have  been  revised  in  recent  years.  The  major  aircraft/ 
spacecraft  specifications  are  now  M1L-STD-1757  for  military 
aircraft  [2],  JSC-07636  Rev  A  for  NASA  spacecraft  [3],  and 
AC  20-53  for  civilian  aircraft  [4],  Although  these  documents 
impose  new  testing  lequirements  not  previously  required,  they 
do  not  stipulate  all  of  the  testing  which  may  be  necessary  to 
verify  a  specific  protection  system.  A  large  number  of  tests 
are  for  research  or  development  purposes  for  which  test 
procedures  and  waveforms  other  than  qualification  specifi¬ 
cations  are  used.  Table  1  lists  the  .vide  variety  of  lightning 
tests  which  are  conducted  in  a  comprehensive  lightning 
laboratory  [5].  When  test  facilities  and  equipment  are 
updated,  system  versatility  and  flexibility  must  be  stressed  so 
that  the  modified  equipment  can  be  used  in  a  variety  of  tests 
without  major  changes. 


REASONS  FOR  UPDATING 

Several  factors  have  influenced  the  continued  updating  of 
the  MCAIR  lightning  laboratory: 

(1)  Knowledge  of  the  natural  lightning  characteristics 
has  improved. 

(2)  Lightning  qualification  test  specifications  have 
changed.  (References  to  lightning  test  components  listed  in 
this  paper  refer  to  M1L-STD-1757). 

(3)  Advanced  microelectronic  systems  pose  new  lightning 
susceptibility  problems  which  must  be  evaluated  by  test. 

(4)  New  composite  materials  and  construction  techniques 
must  be  tested  to  verify  design  concepts  and  safety  margins. 

(5)  Better  test  realism  is  needed  to  ensure  that  all 
important  test  parameters  are  simulated. 

Natural  lightning  is  a  complex  and  variable  phenomenon 
which  is  not  easily  characterized.  The  advancements  in 
electronic  instrumentation,  fast  transient  recorders,  radar,  and 
computing  systems  have  enabled  researchers  to  obtain  better 
information  about  the  natural  lightning  environment. 

Research  flight  programs  and  computer  modeling  are  further 
extending  this  knowledge  to  encompass  the  interaction  of 
lightning  with  aircraft  in  flight.  One  significant  result  of  the 
recent  research  is  that  very  fast  (  =  90  ns)  rise  times  have  been 
observed  for  the  fast  portions  of  some  return  strokes  [I], 


Modern  aircraft  are  becoming  much  more  complex  and 
sophisticated  electronically.  New  solid-state  microelectronic 
circuits  are  very  sensitive  to  damage  or  upset  by  transients, 
and  they  are  used  in  almost  all  flight  control  and  weapon 
systems.  In  addition,  the  advanced  composite  materials  used 
in  modern  aircraft  have  higher  electrical  resistances  and  lower 
electromagnetic  shielding  capability.  The  increased  sensitivity 
of  the  avionics  and  the  reduced  shielding  protection  afforded 
by  the  aircraft  structure  complicate  the  design  of  lightning 
protection  schemes.  Therefore,  lightning  tests  are  required  to 
evaluate  proposed  designs  and  to  verify  the  protection  of  the 
final  design. 

The  newer  aircraft  are  using  composite  materials  in  ever 
increasing  amounts  for  skins  and  other  structural  components. 
Airframes  are  thus  becoming  mechanically  simpler  because 
there  are  fewer  components  to  be  bolted,  riveted,  and  welded 
together.  However,  they  are  still  very  complicated  to  design 
because  there  are  now  numerous  selections  of  composite 
materials  and  layups  available.  There  are  bonded  (glued) 
composite  to  composite  joints,  and  there  are  bolted  and 
riveted  composite  to  metal  joints.  These  new  construction 
techniques  pose  new  lightning  protection  problems  not  only  at 
the  strike  point  but  all  along  the  lightning  current  path 
through  the  composite  and  metal  airframe.  Although  iightning 
protection  schemes  can  usually  be  developed  to  protect  the 
various  composite  structures,  they  must  be  evaluated  by  test, 
and  the  test  must  be  closely  controlled  because  of  the  different 
damage  mechanisms  of  composites  as  compared  to  metals  [6]. 
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Table  1  •  Lightning  Simulation  Test  Issues 


Typo  of  Tesi 

Test  Issues 

Diagnostics  Required 

Model  Attach  Point  Test 

Voltage  Rate-of-Rise;  Polarity;  Gap  Size; 

Scaling 

Voltage  Waveform,  Photography 

Full-Scale  Hardware 
Puncture/Flashover  Test 

Voltage  Waveform;  Number  of  Shots;  Gap  Size 

Voltage  Waveform,  Photography 

Corona/Streamering  Test 

Voltage  Waveform;  Film  Sensitivity;  Electrode 
Geometry 

Voltage  Waveform,  Photography 

High-Current  Damage  Test 

Peak  Current;  Action  Integral;  Gap  Size; 
Electrode  Geometry 

Current  Waveform 

Continuing  Current  Test 

Electrode  Geometry;  Spacing;  Field  Interaction; 
Action  Integral 

Current  Waveform,  High-Speed 
Photography 

Swept-Stroke  Test 

Airstream  Quality;  Restrike  Waveform; 
Continuing  Current  Decay 

Air  Uniformity;  Restrike/Contlnuing 
Current  Waveforms;  Still/ 
High-Speed  Photography 

Fuel  Ignition/Sparking  Test 

Film  Sensitivity;  Current  Waveform;  Fuel/Air 
Ratio 

Current  Waveform,  Photography; 
Fuel/Air  Mixture 

Indirect  Effects/Components 

Peak  Current;  di/dt;  J,n;  Scaling;  Component 
Installation;  Noise-ftee  Instrumentation;  Load 
Impedance 

Current  Waveform,  Induced 
Voltage/Current 

Indirect  Effects/ 

Full  Vehicle 

Vehicle  Isolation;  di/dt:  dV/dt;  Scaling; 

Diagnostic  Technique;  Arc  Channel  Impedance; 
Wire  Access 

Current,  Voltage  Waveforms, 
Induced  Voltage/Current 
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In  lightning  simulation  testing,  the  desire  is  always  to 
make  the  test  as  realistic  as  possible.  This  has  practical 
limitations,  but  the  test  must  at  least  simulate  the  natural 
environment  well  enough  to  assure  confidence  in  the  test 
conclusions.  Several  examples  of  improving  test  realism  are: 

(I)  combining  high  current  components  A,  B,  C  and  D  into 
one  test  waveform  (as  opposed  to  applying  them  individually 
to  a  test  sample  and  allowing  the  sample  to  cool  between 
tests),  (2)  combining  components  A  and  E  or  D  and  E  (to 
evatuate  non-linear  effects  such  as  arcing  between  adjacent 
sections  on  a  test  sample  resulting  from  the  fast  rate-of-risc  of 
the  current  waveform),  (3)  using  unipolar  test  waveforms  (as 
opposed  to  oscilla'ory  waveforms  to  evaluate  damage),  and 
(4)  using  long  arcs  to  the  test  sample  (to  eliminate  probe 
effects  caused  by  the  probe  being  too  close  to  the  test  sample). 

The  desire  for  realism  has  also  led  to  the  use  of  large 
aircraft  sections  or  complete  ait  craft  for  simulated  lightning 
tests.  The  use  of  the  whole  ahcralt  is  often  necessary  in  order 
to  evaluate  resonance  effects.  This  has  meant  increasing  the 
size  of  lest  areas  to  accommodate  larger  t-st  sections.  It  has 
also  resulted  in  the  construction  of  portable  generators  so  that 
tests  could  be  conducted  at  remote  sites  when  it  was  not 
possible  to  accommodate  the  aircraft  in  the  laboratory. 

A  further  desire  of  realism  is  to  combine  environments  in 
a  test.  T  his  has  led  to  the  construction  and  modification  of 
equipments  to  obtain  tbit  test  realism.  Tor  example,  a  swept 
stroke  test  combines  the  lightning  arc  and  air  blown  over  the 
aircraft  surface.  The  lightning  current  should  encompass  the 
full-width  current  components,  and  the  wind  source  should 
provide  laminar  air  flow  along  die  aircraft  surface.  As 
another  example,  live  fuel  has  been  used  'o  evaluate  hot  spot 
and  sparking  of  integral  fuel  tank  skins  struck  with  simulated 
lightning. 

The  MCA1R  lightning  laboratory  has  met  the  changing 
test  specifications  and  the  need  for  more  realistic  test 
simulation  by  modifying  existing  gcnciators,  developing  and 


procuring  new  generators,  developing  new  test  methods,  pro¬ 
curing  new  electronic  and  photographic  instruinentat.on,  and 
enhancing  the  lightning  test  facilities  [7],  A  condensed  listing 
of  generators  and  equipment  is  given  in  Tables  2  and  3.  The 
more  prominent  changes  are  described  in  the  following 
sections. 

ONE-MEGA  JOULE/TH  REE-MEGA  WATT  LIGHTNING 
SIMULATOR 

High-current  testing  al  MCAIR  has  undergone  extensive 
changes  since  it  began  in  1968  with  only  one  30-kJ,  12-kV 
capacitor  bank.  The  one-mcgajoule/threc-megawatt  lightning 
simulator  in  use  today  is  the  result  of  gradual  improvements 
in  high-current  simulation  of  both  direct  damage  and  induced 
voliage  effects.  Some  of  the  simulator  modifications  during 
the  past  five  years  have  included:  (1)  expanding  individual 
geneiators  and  improving  their  operation,  (2)  coupling  several 
capacitor  systems  together  to  produce  the  combined  high- 
current  threat  waveform,  (3)  adding  a  fast  current  rise  time  to 
the  high-peak  current  pulse,  and  (4)  adding  a  large,  pulsed  DC 
power  supply  for  continuing  current  simulation.  The  indi¬ 
vidual  improvement  are  nol  historically  described,  but, 
instead,  the  operation  of  the  present  system  is  detailed. 

The  1-MJ  (actually  1.4-MJ)/3-MW  lightning  simulator 
consists  of  four  capacitor  banks  (660  kj,  192  kj,  72  kJ,  and 
480  kJ)  and  a  3-MW  pulsed  DC  power  supply.  The  separate 
generators  and  the  power  supply  arc  extremely  versatile.  They 
may  be  operated  individually  or  in  many  combinations.  When 
they  arc  all  coupled  together,  they  readily  meet  or  exceed  t he 
requirements  of  the  complete  MIL-STD-1757  direct-damage 
waveform  in  a  single  test.  Figure  I  is  a  schematic  of  the 
combined  operation.  Afier  all  capacitor  banks  are  charged 
and  the  3-MW  supply  turned  on,  the  660-kJ  bank  is  triggered 
and  piescnts  a  high-voltage  at  its  output  spark  gap.  This  spark 
gap  closes  and  applies  the  high-voltage  to  the  output  probe. 

As  the  arc  from  the  output  probe  propagates  to  the  test 
sample,  the  72-kJ  bank  triggers,  so  that  the  output  of  these 
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Table  2  -  MCAIR  Lightning  Simulation  Sources 


High  Current  Generators1 


Energy 

(kJ) 

Voltage 

(kV) 

9 

I 

Ueage  end  Characteristics 

660 

240 

H 

High  Peak  Current  Damage  Tests'" 

192 

96 

High  Peak  Current/Reslrike  Tests;  Portable'’ 

72 

480 

Fasl-Rlselime,  High-Current  Tests;  Portable7 

480 

12 

10 

Intermediate  and  Continuing  Current  Tests2 

High  Voltage  Generators 


Energy 

(kJ) 

Usage  and  Characteristics 

HU 

It, 

40 

Fuli-Scate  Component  and  Large  lAodel  Tests;  20  It  Soark;  Outdoor 

mm 

5 

4 

Induced  Voltage  Studies;  Porlable 

m 

10 

2.4 

Pemoto  Cue  induced  Voltage  Tests;  >’  tular  Construction 

800 

25 

24 

Arc  Attach  Point  Tests;  Adjustablr  ^  Rump 

480 

30 

240 

Higher-Current  Induced  ''ol'age  Tasis;  Portable 

400 

2 

1 

General  lao  Use 

Swept  Stroke  Testing 


•  Outdoor .  250  llnot  SwepI  Stroke  Facility 

Uses  2 <10  KJ  Capacitor  Bank  and  Portable  High  Current  Generators 

•  Portable,  160  Knot  Blower  lor  low  Speed  Testing 
Used  With  Any  High  Current  Get  eralors 


DC  Power  Supplies3 


Voltage 

(kV) 

Curron’ 

(A) 

Power  Mating 
(kW) 

Principal  Usage 

6 

500 

3  000 

Continuing  Current  Damage  Tests  (High  Coulomb)  lor  Large 

Composite  Structures 

0  3 

300 

90 

- 

Continuing  Cuirenl  Damagp  Tests  loi  Conductive  Test  Ailicles 

Static  Electricity  Equipment 


Compressed  Air  Charge  Spray  r.i.n,  Up  lo  8(vA  Current 
Dry  Nitrogen  Driven.  T riboelectric  Charging  ol  Panels 
Corona  Spray  lor  Electro  Static  Charginn 

Notes 

1)  Smaller  high  currool  generators  are  ••’vailable  lor  general  lab  uso 

2)  Generators  can  be  integrated  together  to  p'ovide  combined  cum-ni  component  A  0.  C  and  D  lull  throat  waveform  with 
?  jisec  nselrme 

3)  Generator  charging  power  supplies  up  to  120  kV  are  also  available  UP31-0471-1 


French  injeco  Device 

Blown  Dust 

^*00  kV  DC  Heclifier 
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Tabi«  3  ■  MCAIR  lightning  laboratory  Instrumentation 
and  data  processing  equipment. 


r 

Item 

Characteristics 

Puls*  Sensors 

•  EG&G:  MGL-S7,  MGt  -6. 

Skin  Current,  B,  0, 1  Sensors 

HSD4,  CFD-1 ,  CPM-1. 
u  Pearson  Current  Transformers: 

5  kA  to  250  kA 

U0A.41I,  1025,  1049,3025 

•  Bell  DC  Current  Transformer 

•  T&M  Research  Coaxial  shunts: 

1  kA,  160/ts  Response  Time 

F-5000-20,  FI 000040 

0.001,0.0005  ohm 

Filiar  Optic  Data  Links 

•  Six  MCAIR  Built  Units 

Battery  Powered  Transmitter:  25  MHr  Bandwidth;  Differential, 

High  Impedance  Input;  Variable  Voltage  Gain  to  150  X; 

Receiver  Drives  50  U  Load 

Transient  Recorders 

•  Biomation  8100 

8  Bit  Resolution,  2,048  Data  Points,  10  ns  Minimum  Sampling  Intetval 

•  8iomation  6500  (2  Each) 

6  Bit  Resolution,  1  ,U24  Data  Points.  2  ns  Minimum  Sampling  Interval 

•  Tektronix  76120  (2  Each) 

2  Channels,  8  Bit  Resolution,  4,038  Data  Points,  5  ns  Minimum 

Sampling  Interval 

•  Tektronix  7912 

512  x  512  Point  Matrix,  200  MHz  Bandwidth 

Laboratory  Computers 

•  Hewlett  Packard  (HP)  9825 

64  K  8ytes  of  Memory:  Integrated  with  Fiber  Optic  and  Transient 

with  Flippy  Oisk  Storage, 

Recording  Systems  to  Provide  Computer  Controlled  Data  Acquisition; 

Plotter,  and  Printer 

Modem  to  DEC  PDP  'i  i/40  Computer 

*  Hewlett  Packard  (HP)  9826 

G4K  fly  tes  of  Memory:  Integrated  with  Transient  Recorders  lor 

with  Plotter,  and  Printei 

Automated  Data  Acquisition. 

•  North  Star 

16  K  Bytes  of  Memory;  Disk  S’orage 

Photographic  Equipment 

•  Cordin  Model  200 

High-Speed  Streak  and  Framing;  1  Inturframe  1  terval 

•  Cordin  Model  351/326 

Streak  end  Framing  Camera:  25,000  Frames/sec 

•  linage  Converter  System 

Electronic  Image  Intensifier  rainern  Both  Streak  and  Framing  Modes: 
tin  riocurement) 

•  Pholec  IV 

Movie  Camera,  10,000  Frames/sec 

*  Four  Still  Cameras 

4  in  r.  5  in.  Frame  Sire,  Numerous  Lenses  and  Associated  Equipment 

Note.  Besides  the  above  listed  specialized  equipment,  the  lightning  lubotaioiy  has  a  large  quantity  ul  genu,  u 
purpose  test  equipment  such  as  oscilloscopes,  pulse  generators,  t.me  domaiti  relloctomulors,  etc. 
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Flo.  1  •  1MJ/3MW  high  current  simulator  configured 
for  multicomponent  strike 


two  banks  reaches  the  test  sample  at  the  same  time.  The 
segmented  480-kJ  bank  and  the  3-MW  supply  then  discharge 
ihtough  the  established  arc  to  the  sample.  The  192-kJ  restrike 
bank  is  fired  upon  command  after  a  preset  time  delay.  Its 
output  spark  gap  breaks  down,  and  the  generator  also  dis¬ 
charges  into  the  test  sample  through  the  established  arc  path. 

660-kJ  CAPACITOR  dANK  -  The  660-kJ  capacitor 
bank  consists  of  220  energy  storage  capac'tors  (each  42  <iF,  12 
kV)  connected  in  a  Marx  surge  arrangement.  Normally  the 
bank  is  used  as  a  ten-stage  Marx  generator  witn  a  per  stage 
capacitance  of  231  pF  and  a  charge  voltage  of  24  kV,  yielding 
an  output  voltage  of  240  kV.  The  generator  output  is, 
however,  not  restricted  to  these  values.  Capacitors,  or  whole 


stages,  aie  easily  disconnected  from  the  electrical  circuit  to 
permit  extreme  flexibility  in  obtaining  a  full  range  of  output 
voltages,  peak  currents,  and  pulse  widths. 

Because  cf  'he  layout  of  the  capacitors,  the  660-kJ  bank 
is  easily  separated  into  two  five-stage  Marx  generators  which 
may  be  used  individually  or  paralleled  to  increase  the  output 
capacitance  four-fold  over  the  ten-stage  configuration.  The 
paralleled  configuration  (Figure  2)  pi  educes  the  200-kA, 

2  x  106  A2s  (Component  A)  pulse  with  the  total  energy  being 
delivered  ip  the  first  half  cycle.  The  high  output  voltage  of  the 
generator  permits  the  use  of  added  damping  resistance  to 
vOntroi  the  peak  current  and  waveshape  regardless  of  the  test 
articled  size  or  resistance. 
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Fig.  2  •  High  current  generators  and  test  area 


192-kJ  CAPACITOR  BANK  -  The  192-kJ  196-kV) 
capacitor  bank  is  essentially  a  smaller  portable  version  of  the 
660-kJ  bank  and  uses  the  same  capacitor  type,  charge  voltage, 
and  triggering  methods.  This  capacitor  bank  is  principally 
used  to  provide  the  100-kA  restrike  current  pulse  (Component 
D)  and  is  often  combined  with  the  72-kJ  generator  when  a 
fast  current  rise  time  is  needed.  Each  of  the  generator’s  four 
stages  is  assembled  on  its  own  cart,  so  that  the  generator  may 
be  transported  to  any  test  location. 

72-kJ  FAST  RISE  CAPACITOR  BANK  -  The  72-kJ, 
480-kV  capacitor  bank  is  a  low  inductance,  portable  Marx 
generator.  Each  of  its  eight  stages  contain  three  15  mF  20-kV 
capacitors  connected  in  series.  When  operated  independently, 
the  72-kJ  generator  can  delivci  a  200-kA  pulse  with  a  2-psec 
rise  time.  However,  this  generator  is  normally  operated  in  a 
combined  mode  with  either  the  660-  or  the  192-kJ  generator 
to  provide  a  fast  rising  high-energy  pulse.  This  bank  is  also 
useful  for  induced  coupling  tests  at  medium-curt ent  levels 
where  a  moderately  wide  waveform  is  needed. 

480-kJ  CAPACITOR  BANK  -  The  480-kJ  capacitor 
bank  consists  of  160  high-energy  capacitors  connected  in 
parallel.  Thirty  of  the  capacitors  are  normally  used  to  provide 
the  intermediate  current  portion  of  a  simulated  lightning  strike 
(Component  B)  with  the  remainder  being  used  to  provide  a 
portion  of  the  continuing  current  (Component  C).  As  with  the 
other  capacitor  banks,  not  all  the  capacitors  nr  the  maximum 
charge  voltage  need  be  utilized  in  ah  applications.  The  480-kJ 
bank  may  be  used  independently,  but  it  is  usually  utilized  in 
conjunction  with  the  660-kJ  bank. 

3-MW  POWER  SUPPLY  -  The  3-MW  high-voltage/ 
high-current  supply  has  a  floating  6700  V  DC  output  and  is 
capable  of  providing  an  output  of  500  amps  for  one  seccnd  or 
up  to  1500  coulombs  in  five  seconds.  This  supply  is  located 
near  the  1-MJ  facility  and  is  normally  used  in  coniunction 
with  it,  but  it  can  also  be  used  independently. 

The  3-MW  supply  requires  large  external  resistors  for 
current  limiting.  This  has  the  advantage  of  making  the  cupply 
appear  as  a  constant  current  source  to  more  closely  approxi¬ 
mate  the  characteristics  of  a  natural  lightning  strike.  Because 
of  the  high  voltage  available  from  this  supply,  the  test  probe 
can  be  located  several  inches  from  the  test  sample.  The  long 


arc  eliminates  erroneous  results  which  may  be  encountered 
when  the  probe  is  loealed  too  close  to  the  test  sample. 

REMOTE  LOCATION  HIGH-CURRENT  TESTS 

High-current  tests  in  locations  other  than  the  l-MJ/ 
3-MW  test  cell  have  been  necessary  for  very  large  test  articles 
or  when  other  specialized  test  environments  have  been 
required.  For  many  ol  these  remote  applications,  the  combi¬ 
nation  of  two  pot  table  generators  (the  192-  and  72-kJ  banks) 
has  met  the  test  needs.  The  combined  system  produces  a 
100-kA  restrike  pulse  (Components  D  and  E)  with  a  2-gs  rise 
time. 

Figure  3  shows  a  portion  of  the  high-current  lest  setup 
used  in  tests  of  a  full-scale  mock-t.p  of  the  MX  mLsile’s  post¬ 
boost  vehicle.  (The  9-m-tall  missile  mock-up  was  housed  in 
the  large  coaxial  current  return  structure  partially  shown  at 
the  far  right  of  the  photo.)  The  purpose  of  the  tests  was  to 
measure  the  external  current  distribution,  the  interior  mag¬ 
netic  field  distribu'don.  and  the  induced  voltage  on  the  anten¬ 
nas  when  the  missile  was  hit  with  a  fast-rising,  100-kA  strike. 

The  combination  of  the  192-  and  72-kJ  banks  has  also 
been  beneficia1  in  remote  swept  stroke  and  live  fuel  tests. 
Although  the  s  /ept  stroke  facility  and  the  explosion-proof  test 
ceil  are  located  ;n  the  same  building  which  houses  the  l-MJ/ 
3-MW  simulator,  safety  considerations  and  the  long  cable 
lengths  prevent  the  effective  utilization  of  the  660-kJ  bank 
with  these  facilities.  Full-threat  restrike  tests  (Components  D, 
B,  and  C)  are  conducted  in  these  facilities  using  the  portable 
generators  for  the  high-current  pulse  in  combination  with  the 
480  kJ  bank  and  the  3-MW  supply  for  the  intermediate  and 
continuing  current  components. 

HIGH- VOLTAGE/INDUCED-VOLT  AGE  SIMULATORS 

Although  numerous  high-voltage  generators  have  been 
added  to  the  lightning  laboratory  through  the  years,  only  the 
1500-kV  modular  generator  and  the  800-kV  Haefely  generator 
are  recent  additions  The  1500-kV  generator  was  developed  to 
conduct  shock-excitation  induced-voltage  tests  on  full  aircraft 
at  remote  sites.  The  800-kV  generator  was  procured  to 
conduct  variable  waveshape  attach  point  tests. 

1500-kV  MODULAR  GENERATOR  -  The  modular 
Marx  generator  is  used  in  induced-voltage  tests  and  has 
produced  10-kA  current  pulses  with  200  ns  rise  times  on  test 
articles  as  large  as  the  MX  missile  mock-up  and  the  AV-8B 
carbon  epoxy  wing  The  generator  (Figure  4)  is  built  in 
100-kV  modules  with  each  shelf  being  an  interchangeable 
generator  stage.  Up  to  15  stages  can  quickly  be  assembled 
using  only  the  shelves  and  nylon  rods  for  mechanical  support. 
Each  shelf  contains  a  capacitor,  three  resistors,  a  spark  gap 
switch,  a  trigger  electrode,  and  a  grading  ring.  Inter¬ 
changeable  40-kiJ  opper  sulfate  resistors  interconnect  the 
capacitor  terminals  and  trigger  electrodes  from  one  stage  to 
the  next.  Each  stage  is  triggered  with  an  electrode  biased  at 
approximately  half  the  potential  between  the  copper-sphere 
spark  gap  electrodes.  A  grading  ring  is  used  on  each  shelf  to 
suppress  corona  and  produce  a  smoother  electric  field 
distribution.  Control  of  the  generator  system  is  provided  by  a 
pneumatically-operated  charge/dump  switch  which  totally 
isolates  the  generator  from  ground  potential  during  firing. 

This  switch  minimizes  ground  loops  and  coupling  to  the 
power  supply  and  provides  excellent  operator  safety. 
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Fig.  d  ■  MX  missile  test  setup  in  the  high  voltage  laboratory 


800-kV  HAEFELY  GENERATOR  -  Lightning  model 
attach  point  studies  continue  to  be  a  controversial  area  of 
lightning  testing.  Many  test  parameters  such  as  electrode 
poiarity  and  shape,  model  sir.e,  arc  distances,  and  voltage 
waveshape  are  cnown  to  affect  the  test  results.  The  Haefcly 
generator  was  resigned  to  study  arc  propagation  and  the 
statistical  arc  attachment  distributions  as  a  function  of  the 
voltage  rate-of-rise.  The  generator  uses  a  capacitive 
waveshaping/vol.age  divider  and  various  inductors  to  adjust 
the  voltage  rate-of-rise  over  a  wide  range. 

REMOTE  LOCATION  INDUCED- VOLTAGE  TESTS 

In  the  late  1970’s,  the  MCAIR  lightning  laboratory 
developed  the  shock-excitation  test  technique  to  more 
realistically  simulate  the  induced-voltage  responses  of  interior 
aircraft  circuits  to  a  ligh'ning  transient.  The  shock-excitation 
test  technique  differs  from  other  induced-voltage  test  methods 
in  that  both  high-voltage  and  high-current  stimuli  are  applied. 
In  the  test  setup,  an  output  spark  gap  is  inserted  between  the 
test  article  and  the  current  return  conductors.  The  test  article 
is  first  charged  to  a  high  potential  by  a  high-voltage  Marx 
geneiator.  Once  the  test  article  is  charged,  streamers  form  and 
then  break  down  the  output  spark  gap  which  quickly  dis¬ 
charges  the  test  article  and  allows  the  generator  curren'  to 
flow  through  the  test  article.  The  charging/discharging  sequence 
better  simulates  the  natural  lightning  strike  process  of  the 
stepped  leader  attachment  followed  by  a  current  return  stroke. 


The  early  test  development  centered  on  equipment  needs, 
such  as  high-voltage  dielectric  insulators  to  isolate  the  test 
article  from  ground  potential  and  fiber  optic  data  links  to 
measure  millivolt  induced-voltage  responses  in  a  test  article 
charged  to  several  hundred  kilovolts.  After  this  equipment 
was  built  and  the  test  technique  demonstrated  in  our 
laboratory,  NASA  and  the  US  Air  Force  wanted  several 
aircraft  tested  at  remote  locations.  The  need  to  conduct  tests 
outside  our  laboratory  required  fhe  development  of  the 
1500-kV  modular  Marx  generator  (to  replace  out  large  high- 
voltage  generators)  and  a  computer-controlled  data  acquisition 
system  (to  simplify  data  taking  and  storage).  The  completely 
portable  induced-voltage  test  system  has  been  used  to  test  the 
space  shuttle  orbiter  [8],  YF-16  [9),  F-106B  [10],  and  C-130 
aircraft  at  remote  locations  ranging  from  Florida  to 
California.  The  system  is  readily  assembled  in  a  day  and  is 
highly  flexible  to  meet  diverse  test  requirements. 

FACILITIES  AND  INSTRUMENTATION 

The  MCAIR  lightning  simulation  laboratory  is  separated 
into  two  areas.  The  high-voltage  facility  is  primarily  housed  in 
a  17x26  meter  high  bay  area  of  a  large  hangar  building.  With 
the  exception  of  the  outdoor  4-MV  generator,  all  the 
generators  used  in  (his  facility  arc  movable  so  that  facility 
modifications  have  not  been  required  to  meet  changing  test 
needs.  The  high-current  test  facility  is  located  in  a  nearby 
building  and  includes  the  I-MJ/3-MW  test  cell,  a  250-knot 
swept  stroke  facility,  and  an  explosion-proof  test  cell. 


One  Marx-Stage 
per  Shelf 


m 


100  kV,  0.032  /uf 
Capacitor 
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Fig.  4  -  Modular  high-voltage  generator 


The  high-current  lightning  test  area  is  presently  being 
modified  and  enlarged  to  that  shown  in  Figure  5.  The  facility 
changes  are  necessary  to  accommodate  additional  capacitor 
banks  and  power  supplies  and  to  increase  the  floor  area 
available  for  large  test  setups.  The  lab  area  is  being  increased 
to  13x17  meters,  and  a  3.6  m  wide  door  is  being  added  to 
permit  direct  access  of  large  test  articles. 

Figure  5  also  shows  the  location  of  the  explosion-proof 
test  cell  which  is  utilized  when  lightning  tests  require  the  use 
of  live  fuel.  For  these  tests  the  portable  192-  and  72-kJ  high- 
current  generators  are  moved  to  the  screened  test  area,  and 
the  generator  power  supplies  are  moved  into  the  test  cell 
control  room.  The  output  of  the  480-kJ  capacitor  bank  and 
the  3-MW  power  supply  are  routed  overhead  to  the  screened 
area  to  provide  the  continuing  current  component  of  the 
waveform. 

The  250-knot  outdoor,  swept  stroke  test  facility  with  its 
25-  x  76-cm  output  nozzle  area  has  not  been  changed. 
However,  a  portable  blower  system  has  been  built  for  low- 
speed  swept  stroke  tests  up  to  160  knots.  The  new  system  is 
powered  by  a  50-hp  electric  motor  and  has  a  large  stilling 
chamber  with  a  30-  x  30-cm  fiber  glass  output  nozzle.  This 
portable  system  has  recently  been  used  in  conjunction  with  the 


I-MJ/3-MW  lightning  simulator  to  conduct  full-energy 
restrike  swept  sti  ke  tests  on  composite  and  aluminum  wing 
skin  panels. 

The  lightning  laboratory  has  also  continually  updated  its 
test  instrumentation.  A  large  variety  of  electromagnetic 
sensors,  high-frequency  oscilloscopes,  and  digital  transient 
recorders  are  available.  The  test  instrumentation  is  housed  in 
either  permanent  or  portable  RFI  shielded  enclosures  and  run 
on  isolated  power  lines.  Still  and  high-speed  movie  cameras 
with  numerous  lens  systems  are  used  for  photographic  data, 
and  computer-based  acquisition  systems  are  used  for  transient 
data  taking  and  storage. 

SUMMARY 

As  the  knowledge  of  the  lightning  threat  improves  and 
more  realistic  test  simulations  are  desired,  the  laboratory  must 
change  to  meet  these  needs.  The  MCA1R  lightning  simulation 
laboratory  has  continually  been  upgraded  to  meet  these  needs 
both  in  the  generation  of  the  lightning  test  waveforms  and  in 
the  measurement  of  the  responses  of  the  test  samples. 
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Fig.  5  •  High  current  test  areas 
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ABSTRACT 

During  Phase  I  of  the  Atmospheric 
Electricity  Hazards  Protection  (AEHP)  Program, 
the  sensitivity  of  several  generic  classes  of 
electrical/electronic  subsystems  and  equipment 
will  be  assessed  to  electrical/electromagnetic 
threats  associated  with  atmospheric  electric¬ 
ity;  e.g.,  lightning  and  precipitation  static 
generated  currents,  fields,  and  potentials. 

This  will  be  accomplished  through  the  utili¬ 
zation  of  appropriate  atmospheric  electricity 
simulation  and  various  test  vehicles  for 
flight/mission  critical  subsystem/equipment 
evaluation  for  operation  in  atmospheric  elec¬ 
tricity  generated  electrical/electromagnetio 
environments , 

This  paper  will  discuss  simulation  tech¬ 
niques  contemplated  for  use  on  this  task  as 
well  as  specification  of  the  environmental 
parameters  to  be  simulated.  In  addition,  the 
testbeds  planned  to  be  used,  including  advanced 
composite  skin  modifications,  for  both  Phase  I 
and  Phase  II  of  the  aEHP  Program  will  be 
identified.  These  vehicles  will  be  appropriate 
"or  assessment  of  the  EM  throat  to  electrical/ 
electronic  subsystems  and  equipment  for  dif¬ 
ferent  classes  of  aircraft;  e.g.,  fighters, 
bombers/transports,  helicopters,  cruise  mis¬ 
siles. 

Thus  paper  will  outline  vulnerability 
assessment  procedures  to  be  used  on  the  AEHP 
Program  and  afford  an  opportunity  for  contri¬ 
butions  from  the  technical  community  regarding 
the  adequacy  of  the  proposed  assessments.1  The 
assessments  planned  for  Phase  I  will  be  pre¬ 
sented  more  completely  than  those  for  Phase  II, 
but  the  genre  of  the  total  AEHP  Vulnerability 
Assessment  Program  will  be  displayed.  It  is 
anticipated  that  valuable  contributions  to 
understanding  of  the  AEHP  Advanced  Development 
Program  by  the  technical  community  will  result 
from  this  presentation.  The  continuing  review 
of  and  contributions  to  the  planned  AEHP 
Program  by  appropriate  members  of  the  technical 
community  is  desired  so  that  the  AEHP  Program's 
contribution  to  increased  operational  effec¬ 
tiveness  for  both  military  and  commercial 
scenerios  may  be  maximized. 

INTRODUCTION 

The  AEHP  Advanced  Development  Program 
enjoys  the  application  of  financial  and  program 


resources  by  an  assembly  of  Military /Civilian 
agencies.  This  support  is  suggested  on  the 
Logo  for  the  ADP  shown  as  Figure  1.  The  Flight 
Dynamics  Laboratory  of  the  Air  Force  Wright 
Aeronautical  Laboratories  ( AFWAL/F I )  provides 
the  ADP  office  for  interagency  coordination  and 
AEHP  Program  direction.  Other  Federal  Military 
Agencies  contributing  to  the  Program  include 
other  Air  Force  Laboratories  and  the  Aero¬ 
nautical  Systems  Division,  as  well  as  the  Army, 
the  Navy  Air  Systems  Command  and  the  Defense 
Nuclear  Agency.  Tn  addition,  the  Federal 
Aviation  Administration  and  the  National 
Aeronautics  and  Space  Administration  are 
participating  in  the  Program,  while  the  Boeing 
Military  Airplane  Company  (BMAC)  is  the  Prime 
Contractor  for  the  Program.  The  general 
program  overview  is  discussed  in  an  earlier 
paper  of  the  conference.  This  paper  will 
highlight  and  concentrate  on  the  experimental 
equipment  procedures  used  to  assess 
the  aircraft  system  vulnerability  to  ultimately 
develop  the  definition  of  balanced  protection 
concepts . 


Figure  1  -  AEHP  ADP  LOGO 
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This  will  in  turn  provide  confidence  for  all- 
weather  application  of  advanced  avionic  and 
structural  concepts  in  military  and  civilian 
scenarios.  These  results  of  Phase  X  will  tnen 
be  incorporated  into  interim  design  guides  for 
dissemirration  to  industry  early  in  the  program 
activities. 

Currently,  Phase  II  is  anticipated  as 
having  a  January  1984  start  with  the  technical 
investigations  program  being  completed  by 
October  1986  (33  months) .  During  that  period, 
it  is  planned  to  configure  modified  YUH-61 
Helicopter  ana  F-14  testbeds  with  representa¬ 
tive  advanced  electrical/electronic  systems  and 
advanced  structural  concepts  to  demonstrate  the 
effectiveness  of  the  balanced  AEHP  defined 
during  Phase  1.  The  testbed  A/C,  together  with 
protected  electrical/electronic  systems  represen¬ 
tative  of  A/C  of  the  1990's  will  be  subjected 
to  interaction  with  simulated  lightning  flashes 
which  will  be  representative  of  the  AE  threat 
determined  during  the  ADP.  The  results  of 
these  tests  will  be  evaluated  and  appropriate 
adjustments  made  to  the  protection  schemes 
employed.  In  addition  to  the  demonstration  of 
balanced  protection  effectiveness,  techniques 
for  qualification  of  protection  and  continued 
assessment  of  the  integrity  of  the  AEHP  pro¬ 
vided  will  be  identified  and  demonstr;  ted. 

Atmospheric  Electricity  Threat  Definition  -  The 
characterization  of  the  atmospheric  electricity 
threat  environment  imposed  on  flight  and 


mission  critical  electrical/electronic  elements 
aboard  A/C  is  important  for  the  AEHP  Program. 
The  "initial"  threat  is  based  on  three  major 
sources  of  lightning  current  measurement  which 
have  an  adequate  statistical  base;  e.g.,  Berger 
in  Switzerland,  Garbagnati  in  Italy,  and  Uman, 
Weidman  and  Krider  in  the  United  States.  From 
these  measurements  there  is  sufficient  evidence 
to  demand  the  increase  of  the  prior  accepted 
lightning  maximum  rate  of  current  rise  by  a 
factor  of  two  which  has  been  included  in  the 
initial  characterization  of  the  AEHP  threat  to 
A/C. 

The  "initial"  single  stroke  lightning 
threat  has  been  characterized  by  double 
exponential  current  waveforms.  The  severe 
threat  for  the  AEHP  Program  has  a  maximum  rate 
of  rise  cf  200  kA/ps  with  a  peak  current  of 
200kA,  a  falltime  to  half-peak  valge2of  50us, 
and  an  action  integral  of  1.5  x  10  A  -sec. 

The  moderate  threat  has  a  20kA  peak  current 
with  a  maximum  rate  of  rise  of  50kA/ys,  a 
fall-time  to  half-peak  valug  50[js  and  an 
action  integral  of  1.5  x  10  A  -sec. 

Although  the  moderate  and  severe  lightning 
flashes  consist  of  multiple  strokes,  this 
feature  is  difficult  to  simulate,  and  therefore 
the  test  generators  are  designed  for  single 
stroke  operation.  In  addition,  the  douole 
exponential  nature  is  not  obtainable  at  these 
levels,  but  the  crowbar-type  generator  has  an 
acceptable  representation  sine  wave  rise  with 
exponential  tail  as  shown  in  Figure  2. 


Figure  2  -  LIGHTNING  WAVEFORM 
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Electronic  Susceptibility  -  The  interest  of 
the  AEHP  ADP  is  in  providing  effective  protec¬ 
tion  for  flight/mission  critical  electrical/ 
electronic  systems  of  the  1990's,  anon.  Many 
of  the  devices/systems  of  interest  will  not  be 
available  for  direct  investigation,  but  as  a 
first  step  in  determining  the  protection  which 
must  be  afforded,  the  historical  record  has 
been  examined  to  identify  damage  mechanisms  for 
various  types  of  semiconductors  and  other 
components.  The  sensitivity  to  upset  has  been 
assessed  from  manufacturer's  data  sheets  and 
the  necessity  ot  testing  to  evaluate  system 
upset  effects  roted.  Some  device  upset  eval¬ 
uation  by  lightning  transient  testing  will  also 
be  performed  to  assist  in  system  upset  consid¬ 
eration.  Both  bench  tests  and  installation  in 
mock-up/testbed  for  moderate  level  impulse 
tescing  are  being  used  for  this  purpose. 

Vulnerability  Assessment  -  This  requires  a  sub¬ 
stantial  degree  of  experimental  work.  The  main 
purpose  is  to  obtain  generic  data  on  the  sus¬ 
ceptibility  of  components/subsystems  in  various 
generalized  configurations  when  subject  jected 
to  the  defined  lightning  threat.  This  investi¬ 
gation  is  being  accomplished  via  two  different 
testbeds  (YG-16,  ALCM)  at  two  different  facili¬ 
ties  (BMAC ,  Sandia) . 

The  YG-16  testbed  consists  of  an  advanced 
composite  forward  fuselage  section  mated  to  a 
mock-up  representing  the  remainder  of  the  F-16 
aircraft.  The  forward  fuselage  is  78%  GR/EP 
with  some  aluminum  support  structure  and  two 
Kevlar  non-conducting  panels.  The  mock-up  is 
sheet  aluminum  over  a  wood  frame  in  the  general 
F-16  shape  to  preserve  electrical  lengths  ’ 


resonances  appropriate  for  the  fighter  aircraft. 
The  entire  testbed  is  supported  above  the 
ground  plane  by  non-conducting  wood  bracing.  A 
picture  of  the  YG-16  testbed  is  shown  in  Figure 
3. 

The  YG-16  test  series  is  designed  to:  a. 
Characterize  the  induced  transients  in  aircraft 
wiring  due  to  lightning  attachment  to  the  air¬ 
craft.  b.  Determine  upset  and  damage  sensitivi¬ 
ties  of  advanced  technology  subsystems  when 
exposed  to  moderate  level  lightning  environ¬ 
ments.  c.  Provide  low  level  CW  and  moderate 
level  pulse  test  data  for  comparison  with 
analytical  calculation. 

Of  the  two  test  techniques  employed,  the 
Swept  Continuous  Wave  (Swept  CW)  technique 
injects  a  low  level  current  onto  the  aircraft 
skin/structure  and  measures  the  output  voltage/ 
current  at  wiring/equipment  stations  as  a 
function  of  frequency.  This  results  in  defini¬ 
tion  of  the  transfer  functions  the  frequency 
domain  which  may  be  used  to  determine  coupling 
effectiveness  and  as  an  analytical  tool.  The 
other  technique,  pulse  injection,  applies  a 
unipolar  current  impulse  to  the  aircraft  with 
response  measurements  taken  in  the  time  domain. 
This  test  generates  information  concerning 
susceptibility  levels  and  interaction  mechan¬ 
isms.  The  pulse  waveform  used  is  the  moderate 
level  threat  representation  defined  as  a  double 
exponential  current  waveform  with  the  following 
parameters : 

a.  Peak  Current  -  20kA 

b.  Peak  Rate  of  Rise  -  5  x  lO^A/sec. 


Figure  3  -  YG-16  TESTBED 
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c.  fiction  Integral  -  1.5  x  10  A  -sec. 

BMAC  has  designed  and  is  fabricating  an 
impulse  generator  capable  of  subjecting  the 
YG-16  testbed  to  a  current  pulse  with  the  above 
parameters.  A  block  diagram  of  the  generator 
configuration  is  shown  in  Figure  4. 

Three  levels  of  complexity  are  structured 
into  the  YG-16  test  series:  a.  Simple,  point  to 
point  wiring  configurations  with  no  operating 
subsystems,  b.  Generic  installation  of  wiring 
with  dummy  loads  which  are  electrically 
representative  of  advanced  avionics  (Figure  5) . 
c.  An  operating  subsystem  with  an  airborne 
computer,  appropriate  power,  control,  and 
display  equipment. 

The  general  procedure  for  testing  first 
involves  modeling  the  YG-16  mock-up  for  the 
WIRANT  and  TRAFFIC  computer  codes.  Their 
outputs  are  predictions  of  the  expected  I.  1 
threat  levels  in  the  testbed's  equipment  and 
will  be  correlated  with  the  experimental 
results  to  determine  validity  and  worth  as  an 
analysis  tool.  These  tests  are  scheduled 
through  the  August  1983  time  period.  The 
information  gained  from  these  tests  feeds  into 
protection  concept  development  and  tradeoffs 
for  total  system  balanced  protection  which  will 
also  be  evaluated  via  testbed  experimentation. 
These  tests  should  be  completed  by  October 
1983. 

The  Air  Launched  Cruise  Missile  (ALCM) 
testbed  is  a  prototype  version  of  the  production 
AGM-86B  which  has  undergone  skin  panel  (s) 


modification/removal  and  cable  shield  alteration 
to  yield  generic  data  for  the  general  missile 
configurations.  The  pulse  of  tnis  test  series 
is  being  conducted  at  the  Sandia  Lightning 
Facility  in  Albuquerque  N.M.,  shown  in  Figure  6. 
This  facility  is  capable  of  subjecting  the  ALCM 
to  current  waveforms  corresponding  to  the 
defined  severe  lightning  threat: 

a.  Peak  Current  -  200kA 

b.  Peak  Rate  of  Rise  -  2  x  lO^A/S 

c.  Action  Integral  -  1.5  x  lO^A^-S 

This  severe  threat  coupled  to  a  vehicle  as 
small  as  the  ALCM  will  result  in  a  very  strong 
current  density  on  the  vehicle. 

The  objectives  of  the  ALCM  test  series  are 
as  follows:  a.  To  characterize  the  EM  coupling 
paths  from  the  lightning  attachment  point  to 
mission  critical  equipment  .interfaces;  b.  To 
determine  stress  levels  at  selected  equipment 
from  various  pulse  levels;  c.  To  determine  upset 
and  damage  effects  of  simulated  full  threat 
lightning  current  pulses  on  operating  avionics. 
Testing  will  be  accomplished  in  three  parts  as 
follows : 

Part  1  -  Low  level  CW  test  will  be  used  to 
characterize  EM  coupling  paths  to  mission 
critical  equipment  interfaces.  CW  testing  will 
be  accomplished  with  the  missile  in  the  pcwer 
off  mode.  CW  testing  will  be  performed  in  the 
EMI  laboratory  at  Seattle,  Washington. 


Figure  4  -  CROWBAR  PULSE  GENERATOR  EQUIPMENT 
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Figure  5  -  GENERIC  installation  concept 
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Part  2  -  During  this  part,  missile;  power  will  be 
on,  and  the  missile  will  be  operated  in  a  simu¬ 
lated  free  flight  mode.  High  level  pulses  will 
be  applied  to  determine  sensitivity  of  A1,CM 
mission  critical  equipment  to  simulated  light¬ 
ning  strikes.  The  testing  will  be  accomplished 
in  the  Sandia  Laboratory  at  Albuquerque,  New 
Mexico . 

Part  3  -  This  part  will  also  bn  accomplished  at 
Sandia.  Missile  power  will  be  c.f i  ,  a  dummy 
warhead  will  be  installed  in  the  missile,  and 
selected  missile  equipment  will  be  replaced  by 
.instrumentation  to  measure  voltage  and  current 
transients  at  interfaces.  Various  pulse  levels 
will  be  used  with  Sandia  responsible  for 
testing  of  the  dummy  warhead.  The  warhead  test 
will  be  performed  to  evaluate  lightning  effects 
on  the  viarhead.  However,  this  testing  is  part 
of  Sandia  mission  and  performed  in  conjunction 
with  the  AEHP  program.  These  tests  are 
scheduled  during  July-August  1983,  and  the 
information  gained  will  complement  that  from 
the  YG-16  test  series  for  use  during  Task  V 
efforts . 

Protection  Evaluation/Tradoof fs  -  The  objective 
of  this  Task  is  to  evaluate  and  establish 
practical  effective  protection  concepts.  These 
concepts  will  minimi 7.0  cost,  weight,  power, 
reliability /maintainability  requirements.  The 
Task  V  trade  study  is  to  develop  a 
specification  for  balanced  protection  for 
advance  ( 1990-9'i)  airframes  and  associated 
electronic/ ilectrical  systems.  The  trade 
studios  will  be  primarily  analytical,  but  when 
required,  concepts  will  be  evaluated  experi¬ 
mentally  on  the  YG-16  testbed  to  determine 
hardness  effectiveness.  At  completion  of  Task 
V,  the  protection  concepts  will  have  boon 
developed  and  pvaluatod  parametrically.  This 
information  will  then  bo  assembled  and 
correlated  into  the  interim  design  criteria  and 
used  as  the  basis  for  the  Phase  IT  plans  for 
full  scale  demonstration  of  these  protection 
concepts . 


Interim  Design  Criteria  -  Near  the  conclusion 
of  Phase  I ,  interim  design  criteria  for  Atmos¬ 
pheric  Electricity  Hazards  Protection  will  be 
provided  to  the  Aerospace  Community  for  review 
and  comment.  It  is  important  that  the  results 
of  this  ADP  are  effectively  communicated  to  A/C 
and  Systems  producers  so  the  AEHP  from  the  ADP 
may  have  an  early  introduction  to  the  Military/ 
Commercial  A/C  fleets. 

PHASE  TWO  (II) 

The  AEHP  ADI’  is  configured  as  a  two  phase 
effort  with  Phase  I  being  directed  toward  the 
development/design  of  effective  AEHP  for  the 
four  classes  of  flight  vehicles;  i.e., 
fighters,  transports/bombers,  cruise  missiles, 
helicopters.  In  Phase  II  the  effectiveness  of 
the  AEHP  Interim  Design  Criteria  and  initial 
AEHP  concepts  will  be  demonstrated  on  full- 
scale  A/C  testbeds  using  ground-based,  full- 
threat  Atmospheric  Electricity  Simulators. 
Presently,  existing  simulators  are  not  capable 
of  subjecting  a  eomple.to  F-14  size  A/C  to 
severe  threat  parameters.  One  of  the  proqrams 
subcontractors,  Liqhtning  and  Transients 
Research  Institute  (LTRI) ,  is  developing  such  a 
simulator  based  on  the  Sandia-type  crowbar 
impulse  generator  for  Phase  II.  The  generator/ 
test  configuration  presently  envisioned  is 
shown  in  Figure  7.  At  this  time  it  is 
contemplated  that  the  testbeds  to  be  used  will 
be  derived  from  a  YUH-61.  Helicopter  and  an  F-14 
A/C.  Although  the  YUH-Ll  already  has 
substantial  composite  structure,  as  shown  in 
Figure  8,  the  basic  vehicles  will  likely  be 
extensively  modified  through  application  of 
advanced  composite  and  other  poorly  conducting 
material  as  vehicle  surface  cover,  as  well  as 
.installation  of  electrical/cl cctronio  systems 
employing  operational  concepts  representative 
of  those  anticipated  for  the  .1990' s. 


Figure  7  -  PHASE  II  -  H IMULATOH/TESTBKD 
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It  is  believed  that  this  procedure  will  permit 
the  evaluation  of  many  electrical/electronic 
system  protection  concepts,  including  struc¬ 
tural  aspects  and  topological  shielding  as  well 
as  AEH.  tolerant  electrical  concepts,  in  config¬ 


urations  which  are  representative  of  those 
which  will  be  encountered  in  future  A/C  of  the 
four  classes  being  considered.  Figure  9  shows 
the  F-14  and  the  amount  of  skin  panels  that 
would  be  available  for  replacement  with 
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cempositu/nonmetallic  samples.  The  details  of 
the  Phase  II  Program  to  be  conducted  will  be 
documented  as  part  of  the  Phase  I  activity  on 
thi-.  AEHP  contract,  but  one  of  the  underlying 
goals  is  to  develop  a  standardized  hardness 
assurance  test  technique  that  can  be  easily  and 
inexpensively  performed  to  routinely  verify 
incorporated  AEHP  as  the  system  ages. 

CONCLUSION 

The  AEHP  program  depends  on  threat  level 
experimental  testing  to  develop  and  evaluate 
hardening/protection  concepts,  correlate  the 
worth  and  reasonableness  of  analytical  tools, 
and  proof  demonstrate  tee  developed,  balanced 
AEHP  for  the  total  system.  After  these  accom¬ 
plishments,  it  is  anticipated  that  the  basis 
for  a  reasonable  hardness  assurance  test 
technique  will  be  understood. 
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Abstract 


An  upset  is  a  deviation  of 
system  performance  based  on  apriori 
knowledge  of  the  system  application 
task.  There  has  heretofore  been 
little  experimental  work  reported  in 
the  literature  regarding 
characterizations  of  upsets  in 
computer  systems.  This  problem  was 
addressed  In  the  researcli  reported  in 
this  paper  with  two  series  of  fault 
injection  experiments  on  a 
representative  microprocessor-based 
system.  In  the  first  series,  the 
system  executes  a  small  machine 
language  program;  in  the  second 
series,  a  much  larger  software 
environment  consisting  of  a  Pascal 


interpreter  running  a  general 
applications  program  is  used.  For 
each  case,  a  broad  spectrum  of  fault 
conditions  Is  utilized  for  the  fault 
Injections ,  An  extensive 
instrumentation  complex  has  been 
developed  to  record  microevent  data 
associated  with  the  upsets  resulting 
from  the  injections.  This  data  is 
used  to  characterize  upsets  in 
computer-based  systems.  It  also 
serves  as  a  benchmark  for  the 
performance  of  candidate  upset 
monitors  in  the  sense  that  coverage 
and  latency  figures  for  such  devices 
can  be  deduced  from  this  data. 
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THE  MONITORING  OF  COMPUTER- 
BASED  SYSTEMS  by  simple  external 
devices  is  a  frequently  suggested 
solution  to  Increasing  system 
reliability  (  1)  ,  (2)  .  A 
comprehensive  overview  of  the  primary 
issues  associated  with  this  approach 
has  been  provided  by  Avizienis  (2). 
Highly  ranked  among  such  issues  are 
characterizations  of  system 
performance  deviations  to  which 
monitors  can  be  sensitized,  and 
assessments  of  the  effectiveness  and 


complexity  of  such  monitoring 
devices.  This  paper  reports  on  an 
experimental  investigation  of  these 
issues  . 

The  monitoring  devices 
considered  in  this  paper  are 
sensitized  to  the  type  of  system 
disturbance  known  as  an  upset  (1). 
An  upset  is  a  deviation  of  system 
performance  based  on  apriori 
knowledge  of  the  system  application 
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task.  An  overview  of  upset  phenomena 
is  described  in  a  companion  paper 

U). 

There  has  heretofore  been 
little  experimental  work  reported  in 
the  literature  regarding 
characterizations  of  upsets  in 
computer  systems.  This  problem  was 
addressed  with  two  series  of  fault 
injection  experiments  on  a 
representative  microprocessor -based 
system.  In  the  first  series,  the 
system  executes  a  small  machine 
language  program;  in  the  second 
series,  a  much  larger  software 
environment  consisting  oi  a  Pascal 
interpreter  running  a  general 
applications  program  is  urei.  For 
each  case,  a  broad,  spectrum  of  fault 
conditions  is  utilized  for  the  fault 
injections.  An  extensive 
instrumentation  complex  has  been 
developed  to  record  microevsnt  data 
associated  with  the  paecs  resulting 
from  the  injections  This  data  is 
used  to  characterize  upsets  in 
computer-based  systems.  Tt  also 
serves  as  a  benchmark,  for  the 
performance  of  candidate  unset 
monitors  in  the  sense  that  coverage 
and  latency  figures  for  such  devices 
can  be  deduced  from  this  data. 

In  both  experiment  series,  one 
particular  class  of  upsets  is  seen  tc 
be  dominant.  However,  full,  rigorous 
designs  of  monitoring  devices 
sensitized  to  such  upsets  are  in 
general  prohibitively  complex  and/or 
memory  intensive.  Hence,  there  is 
motivation  to  consider  more  practical 
alternative  upset  monitoi  designs. 
This  is  done  for  a  particular  class 
of  upsets  in  the  form  of  compresssed 


upset  monitors.  Here,  the  complete 
database  that  characterizes  the  upset 
is  reduced;  then  a  monitor  is 
considered  that  would  only  be 
sensitized  to  the  upset  to  the  extent 
that  the  reduced  or  compressed 
database  characterizes  it. 
Interestingly,  rather  significant 
compressions  yield  upset  monitors 
with  coverage  and  lacency  figures 
which  approach  those  of  a  full, 
rigorous  implementation. 

FAULT  INJFCTION-liA'i  A  RECORDING 
EXPERIMENTS 

Beyond  the  three  general 
features  of  system  performance 
(program  flow,  memory  access,  and 
instruction  repertoire)  described  in 
the  companion  paper,  it  is  difficult 
to  apriori  characterize  the  forms 
tha*-  upsets  can  take.  Yet,  doing  *.• 
is  obviously  the  firat  step  toward 
the  assessment  of  monitors  that  can 
be  used  for  their  detection.  Hence, 
there  was  motivation  to  develop  an 
experimental  testbed  for  the  purpose 
of  injecting  faults  into  a 
representative  computer  based  system 
and  recording  data  so  that  such  upset 
characterizations  can  be  made.  A 
block  diagram  of  our  experimental 
testbed  is  shown  in  Figure  1. 

The  testbed  contains  a 
representative  computer-based  system 
(Z80)  running  applications 
programs  Faults  are  injected  into 
the  representative  computer-based 
system  under  a  wide  range  of 
conditions.  Indeed,  because  so 
little  is  actually  known  about  the 
details  of  faults,  a  set  of 
approximately  700  fault  injection 
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100  MHz  CLOCK  50  KHz  CLOCK 


Fig.  1  Upset  detection  experiment  configuration. 


conditions  are  used  for  each  of  the 
two  experiment  series.  These 
conditions,  outlined  in  Table  1, 
include  variations  in  target 
microprocessor  line,  target 
instruction,  fault  duration,  fault 
type,  and  relative  fault  timing.  As 
can  be  seen  from  the  table,  for  the 
reported  experiments,  faults  are 
injected  into  data,  address,  or 
control  lines  of  the  target 
microprocessor.  Both  transient  and 
permanent  faults  are  injected.  The 
transient  fault  durations  are  such 
that  they  correspond  to  the  duration 
of  a  machine  cycle,  a  single 
instruction,  or  multiple 
ins  truct ions . 

Data  are  collected  from 
separate  gold  and  faulted  test  runs 


as  illustrated  in  Figure  2.  A  gold 
run  is  initiated  by  starting  testbed 
execution  from  a  known  state. 
Microevents  (e.  g.  CPU  cycle  states) 
and  macroevents  (e.  g.  input/ouptut) 
are  recorded  at  a  predetermined  time 
from  the  test  start.  Faulted  runs 
occur  on  the  same  testbed  under 
identical  conditions  except  that  a 
fault  is  injected  during  the  run  in  a 
precise,  reproducible  manner. 

Computer  events  are  recorded  as  in 
the  gold  run. 

The  fault  injection  -  data 
collection  scenario  can  be  summarized 
as  follows.  Upon  occurence  of  a 
precisely  timed  trigger,  a  transient 
or  permanent  fault  is  generated  on 
the  target  line  and  monitored  with  a 
wide  bandwidth  waveform  recorder. 
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Table  1 


GOLD 


FAULT 

FAULT 


Fig.  ?. 


FAULT  INJECTION  PARAMETERS 


Microprocessor  Line  Types 

Durations 

Address 

(AO,A5,A10,A15) 

Machine  Cycle  - 

1  usee 

Data  (DO 

,D4 ,D7) 

Instruction  - 

5  usee 

Control 

(Ml ,MRE0,I0RQ,RD,WR) 

Multi-Instruction  - 

100  usee 

Permanent  - 

10  sec 

Z80  Instructions 

Fault  Types 

LD 

A,  (MEMADR) 

Latch-up 

ADD 

RET 

A,  L 

Latch-down 

CALL 

SUB 

JR 

START 

Fault  Relative  Timing 

JP 

LOOP 

EXX 

At  start  of  specified 

IN 

A,  IOADDR 

machine  cycles  within 

PUSH 

DE 

target  instruction 

BIT 

FLAGA,  A 

START 

RUN  I 


SYSTEM 

A 


RESTART  i  itR 
CONDITIONS 
IDENTICAL  TO 
TIRST  START 


{MICRO 
EVENTS 

RECORD-] 

A  I 


RUN 

r 


RESTART* 

_L 

SYSTEM 


“I 


I _ I 


j  MICRO 
I  EVENTS 

— * -  —  “» 


| - 1 

RECORD 


COMPARE  / 
ANALYZE 


RESULTS 


Experimental  procedure  series  comparison  of  gold 
and  faulted  runs. 


Transient  single  line  faults  are 
injected  primarily  because  they  may 
cause  more  subtle  perturbations  of 
computer  operation  than  permanent  and 
multiple  line  faults.  Detection  of 
an  upset  caus’d  by  such  n  fault  is 
indicative  of  upset  monitor 
sensitivity.  Three  logic  analyzers, 
sampling  at  different  rates,  record 
microprocessor  state  responses  and 
input/output  responses.  A  control 
microcomputer  and  supporting 
peripherals  collect  and  permanently 
record  the  measured  data.  Thus  the 
experiment  configuration  enables  the 
detailed  and  voluminous  collection  of 
data  necessary  to  effectively 
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classify  upsets  and  analyze  the 
performance  of  upset  monitors, 

Experiment  series  are  run  with 
two  software  environments.  For  the 
first  experiment  series,  the 
representative  computer-based  system 
is  executing  a  small  machine  language 
program.  Jhis  program  consists  of 
two  parts:  a  shell  program  and  a 
target  instruction  area.  The  shell 
program  remains  unchanged  throughout 
the  experiment  series  and  provides  a 
constant  environment  for  evaluating 
the  effect  of  injected  faults  on  a 
variety  of  target  instructions.  The 
target  instruction  area  is  located  at 
a  fixed  location  within  the  shell 
program;  different  instructions  are 
inserted  into  this  location  for  the 
fault  injection.  The  fault  is 
Injected  during  various  states 
relative  to  the  execution  of  the 
target  Instruction.  Although  other 
software  is  co-resident,  only  the 
shell  program  Is  executed  (In  fsjlt- 
free  operation)  during  the  window  of 
data  recording. 

In  order  to  veiify  that  the 
classification  of  upsets  and 
assessments  of  upset  monitors  is  not 
unduly  Influenced  by  the  size  and 
functional  simplicity  of  the  assembly 
language  program  used  for  the  first 
experiment  series,  a  second 
experiment  series  was  run  w,  h  a  much 
different  and  larger  software 

environment  (while  still  using 
essentially  the  same  fault  injection 
parameters  as  listed  in  Table  1). 

The  second  software  environment 
consists  of  a  Pascal  interpreter 
running  a  general  applications 
program.  The  interpreter  requires 
over  3K  bytes  of  program  area, 


approximately  8K  bytes  of 
Intermediate  code  storage  area,  and 
2K  bytes  of  data  storage. 

Furthermore,  another  ■'* K  bytes  of 
system  software  are  active.  Finally, 
in  contrast  to  the  utilization  of  a 
shell  program,  the  fault  Injection 
region  varies  considerabley  depending 
upon  the  target  instruction, 

UPSET  CLASSIFICATIONS 

For  each  experiment  series 
upsets  are  characterized  by  means  of 
a  cycle  by  cycle  comparison  of  the 
recorded  data  for  gold  and  faulted 
operation.  When  differences  exist, 
their  primary  features  are  extracted, 
and  an  attempt  is  made  to  associate 
them  with  ore  or  move  upset 
classes.  The  classes  that  are  of 
most  interest  are,  of  course,  those 
that  can  be  described  in  terms  of 
highly  observable  features  of 
operation,  since  these  correspond  to 
the  potentially  most  promising  upset 
monitors.  With  this  observation 
criterion  in  mind,  as  injection 
experiments  are  performed,  it  is  seen 
that  certain  upset  classes  tend  to 
cover  a  significant  majority  of  the 
upsets  observed.  Conversely,  some 
recorded  upsets  cannot  be  classified 
because  they  correspond  to 
differences  between  the  gold  end 
faulted  runs  that  are  un iq ue /comp lex 
to  the  extent  that  a  classification 
is  not  realistic  from  the  point  of 
view  of  external  monitoring.  Indeed, 
for  some  injections  which  cause 
microevent  differences,  there  are  no 
perceivable  differences  from  a 
macroevent  perspective.  Fortunately 
sue’-  cases  are  the  exception.  For 


both  of  our  experiment  series, 
consisting  of  over  700  runs  each  for 
the  first  series  (involving  the 
machine  language  program)  and  the 
second  experiment  series  (involving 
the  Pascal  interpreter  running  a 
general  application  program),  only 
27%  of  the  runs  were  unclass  if table . 

On  the  basis  of  these  two 
experiment  series,  eight  monitorable 
upset  classes  were  identified.  These 
classes  are  listed  and  explained  in 
Table  2.  Figure  3  shows  the  extent 
to  which  each  upset  class  covered  the 
upsets  produced  by  an  Injection  for 
each  experiment  series.  Also 
reported  is  the  average  time  of 


emergence  for  each  class.  Given  that 
an  upset  is  classifiable,  the  time  of 
emergence  is  the  average  time  in 
microseconds  between  the  fault 
injection  and  the  accumulation  of 
sufficient  da  I:  a  to  so  classify  the 
upset.  Time  of  emergence  is 
obviously  related  to  latency  of 
detection  by  associated  upset 
monitors. 

From  Figure  3,  it  is  seen  that 
the  results  of  both  experiment  series 
are  relatively  consistent.  The 
predominant  type  of  upset  observed  is 
invalid  program  flow.  The  most 
notable  differences  in  coverage 
between  the  experiment  series  are  for 


Table  2 
UPSET  CLASSES 


IPF  (invalid  program  flow) 


IOA  (invalid  opcode  address) 


UNM  (unused  memory) 


IRA  (invalid  read  address) 


IOC  (Invalid  opcode) 


iWA  (invalid  write  address) 


improper  sequence  of 
instructions 

fetch  of  an 
instruction  from  a 
non-instructior. 
address 

memory  access  to  an 
existent  but  unused 
memory  area 

read  access  (for 
data)  to  an 
instruction  area,  or 
unused  or  non¬ 
existent  memory 

fetch  of  an  illegal 
Instruction,  or  an 
instruction  not  part 
of  the  subset  used  in 
the  specific  task 
software 

attempt  to  write  into 
memory  not  designated 
as  alterable 


NEM  (non-existent  memory) 


access  to  a  location 
with  no  memory 
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Fig.  3  Coverage  by  upset  class. 


the  classes  of  unused  memory,  Invalid 
opcode,  and  nonexistant  memory.  The 
variations  in  coverage  o.  the  unused 
memory  and  nonexistent  memory  classes 
are  readily  explained  by  the  large 
increase  in  the  amount  of  memory 
present  and  used  in  the  second 
experiment  series.  The  increased 
invalid  opcode  coverage  in  the  second 
series  is  largely  due  to  improved 
analysis  techniques  that  allowed  full 
checking  of  both  single  and  double 
byte  opcodes.  (The  first  experiment 
series  analysis  did  not  fully  check 
double  byte  opcodes.)  The  times  of 
emergence  for  the  second  experiment 
series  are  generally  twice  that  of 
the  first  series.  This  effect 
appears  to  be  the  result  of 
differences  between  the  execution 
style  of  the  interpreter  and  the 
functionally  simpler  assembly 
language  program.  The  loops  and  code 
sequences  in  the  interpreter  tend  to 
be  longer  than  those  in  the  assembly 
language  program.  Thus,  faulty  data 


and  operations  in  the  interpreter 
often  take  longer  to  emerge  as 
classifiable  upset  conditions. 

FULL  PROGRAM  FLOW  MONITORS 

In  both  series  of  experiments, 
invalid  program  flow  (PF) 
characterized  the  greatest  number  of 
observed  upsets  and  also  had  the 
minimum  time  of  emergence.  This 
provided  strong  motivation  for  an 
investigation  of  nractical  and 
efficient  implementations  oc  program 
flow  monitors  (PF  moniturs).  In 
general,  the  flow  or  sequence  of 
instructions  execu-  ed  by  a  processor 
is  unambiguously  specified  by  the 
program  it  executes  and  the  current 
state  of  the  computer  (assuming  self¬ 
modifying  code  is  not  used).  This 
flow  Is  characterized  by  the 
execution  sequence  of  instruction  and 
operand  addresses.  An  execution 
sequence  is  described  with  source- 


destination  address  pairs,  where  the 
destination  address  is  a  program 
counter  value  that  can  i  m mediately 
precede  the  fetch  of  that 
instruction.  A  given  destination 
address  may  have  more  than  one 
possible  source  address  (e.  g.  the 
first  instruction  of  a  subrout  ne), 
or  a  given  source  address  may  he 
paired  with  multiple  destinations  (e. 
g.  a  return  instruction).  Thus  a  PF 
monitor  compares  source-destination 
address  pairs  of  fault-free  program 
execution  with  actual  execution  to 
verify  correct  operation. 

Clearly  it  is  crucial  to 
construct  a  monitor  that  does  not 
allow  false  alarms;  in  other  words, 
valid  program  flow  must  not  be 
interpreted  as  Invalid.  Thus  any  PF 
monitor  considered  must  utilize  a 
database  of  information  that  includes 
every  valid  combination  of  source  and 
destination  addresses.  Although  most 
of  this  information  can  be  obtained 
by  extracting  source-destination 
address  pairs  from  assembly  listings, 
there  are  cases  for  which  source- 
destination  address  pairs  can  be 
difficult,  if  not  impossible,  to 
determine.  For  example,  register 
Indirect  branch  Instructions  have 
next  addresses  that  depend  on  the 
state  of  the  computer.  tn  a  general 
sense  the  address  following  an 
indirect  branch  is  unconstrained. 
However,  a  programmer  always  intends 
for  a  limited  number  of  valid  next 
addresses  to  exist,  and  hence  those 
addresses  are  determinable.  in 
contrast,  "unconstrained"  situations 
can  also  exist  where  a  next  address 
truly  may  be  anywhere  in  the  address 


space  and  therfore  uns pe c 1 f i a b 1 e .  A 
return  from  interrupt  is  an  example 
of  such  a  situation.  Since  in  such 
cases  a  PF  monitor  is  ineffective,  a 
preferred  approach  is  to  disable  the 
monitor  at  such  points,  rather  than 
contribute  an  inordinately  large 
number  of  source-destination 
combinations  to  the  information  base. 

Hence,  a  PF  monitor  consists 

of : 

1.  the  representaion  of 

ail  valid  source- 
destination  address 
pairs; 

2 .  a  mechanism  to 
determine  the  validity 
of  observed  address 
pairs ; 

3.  a  monitor  disable 
function  to  accomodate 
unspecifiable 
addresses. 

Figure  4  depicts  realizations 
of  a  full  PF  monitor.  The  term 
"full"  is  used  to  describe  these 
realizations  because  they  are 
straightforward  relative  to  Point  1. 
and  Point  2.  above.  That  is,  no 
signifcant  attempt  has  been  made  to 
condense  the  databases  that  fix  the 
memory  and  complexity  requirements  of 
the  realizations.  Tn  the  figure,  the 
number  of  valid  address  pairs  is 
represented  by  v,  and  the  number  of 
bits  in  an  address  specification  is 
w.  The  monitor  disable  function  has 
been  excluded  since  it  can  be  simply 
implemented  in  a  number  of  ways ,  such 
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(c)  INDEXED 

(  2W  log  2  V  +  VW  BITS  I 


Fig.  4  Fall  program  flow  monitors. 


concatenated  and  entered  into  a 
memory  that  is  content 
addressable.  An  observed 
source-destination  pair 
"addresses’1  the  memory  to 
determine  whether  the  pair  is 
valid.  Although  this  method 
requires  the  least  memory  of 
the  depicted  realisations  (v2w 
bits),  it  poses  the  greatest 
complexity  on  the  mechanism 
that  validates  an  observed 
address  pair. 

Address  Universe  PF  Monitor 

Figure  4(b)  displays  a 
memory  intensive  realization  of 
a  full  PF  monitor.  A  one  bit 
wide  memory  table  of  all 
possible  combinations  of  source 
and  destination  addresses  (22w 
bit  memory)  is  used  to 
represent  the  valid  address 
pairs.  Valid  combinations  are 
denoted  by  0's  and  invalid 
combinations  by  l's.  Observed 
source  and  destination 
addresses  are  concatenated  to 
form  an  index  into  the  table, 
and  the  memory  output  directly 
indicates  the  validity  of  the 
address  pair. 


as  tagging  uns peci f i ab le  addresses 
with  an  extra  bit . 

Content  Addressable  PF  Monitor 

Figure  4(a)  illustrates 
perhaps  the  simplest  full  PF 
monitor  in  concept,  but  one 
that  is  difficult  in  practice 
to  implement.  The  valid 
source-destination  pairs  are 


Indexed  PF  M j nJLjt o r_ 

figure  4(c)  is  a 
compromise  that  uses  indexing 
to  reduce  the  valid  pair 
representation.  Here  a  source 
address  is  used  to  find  a 
pointer  to  a  set  of  associated 
valid  destination  addresses. 

An  observed  address  pair  is 
tested  by  using  the  source 
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SOURCE 


DESTINATION 


address  to  find  the  start  of  a 
set  of  valid  destinations.  The 
valid  destinations  are  compared 
to  the  observed  destination  to 
determine  the  observed  pair's 
validity.  Such  a  realization 
of  a  full  PF  monitor  requires 
2l log2V  +  wv  bits . 

COMPRESSED  PROGRAM  FLOW  MONITORS 

The  full  PF  monitor 
realizations  described  in  the 
previous  section  have  problems 
related  to  the  extensive  memory  or 
device  complexity  required.  In 
general,  these  represent  major 
drawbacks  to  their  utilization. 

Hence,  an  investigation  of  more 
practical  PF  monitors  is  warranted. 
Such  PF  monitors  will  be  referred  to 
as  compres  sed  PF  monitors.  The  term 
"compressed"  is  uced  because  the 
databases  which  the  designs  utilize 
are  condensed  relative  to  that  of 
full  PF  monitors. 

a  compressed  PF  monlcor  is 
illustrated  in  Figure  5.  Note  the 
similarity  to  the  address  universe 
full  PF  monitor  (Figure  4(b))  in  the 
use  of  a  bit  map  to  indicate  the 
validity  of  source-destination 
address  combinations.  However, 
instead  of  having  a  va 1 i d / i n va 1 i d 
entry  in  che  bit  map  for  all  possible 
source-destination  address 
combinations,  the  compressed  PF 
monitor  uses  a  compression  or  coding 
scheme  to  reduce  the  domain  of 
combinations  over  which  valid/invalid 
entries  must  be  provided.  For  the 
compressed  PF  monitors  to  be 
evaluated,  each  individual  aource- 


Fig.  5  Compressed  program  flow  monitor. 


destination  address  combination  was 
compressed  to  a  representation  of 
length  of  m  <  w,  (.where  w  is  the 
number  of  bits  in  one  address 
specification),  resulting  in  a  bit 
map  of  2m  bits.  As  a  benchmark,  it 
is  interesting  to  compare  the  memory 
requirements  of  such  compressed  PF 
monitors  with  that  of  the  indexed 
full  PF  monitor  of  Figure  4(c)  (which 
is  apparently  the  most  practical  in 
terms  of  memory  intensity  and 
complexity  of  all  the  full  PF 
monitors).  Again  assuming  that  there 
are  w  bits  in  the  address 
specification,  if  the  source  address 
is  used  to  index  a  memory  table  and 
if  the  number  of  valid  and 
specifiable  address  combinations  is 
v,  then  the  memory  required  for  an 
indexed  full  program  flow 
implementation  is  vw  +  2W  (log2v) 
bits.  Since  the  number  of  valid 
address  combinations  may  indeed 
approach  or  exceed  the  size  of  the 
address  space,  the  memory  required 
can  be  on  the  order  of  w2w  bits, 
which  is  often  the  size  of  the  entire 
computer-based  system's  memory. 

Hence,  a  compressed  PF  monitor 
requiring  only  2ra,  m  _<_  w ,  bits 
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compares  quite  favorably,  assuming, 
of  course,  that  it  can  be  shown  to 
have  similiar  coverage  and  latency 
figures.  As  will  now  be  discussed, 
this  is,  indeed,  the  case. 

The  six  compression  methods 
listed  in  Table  3  have  been  evaluated 
for  monitor  effectiveness.  This 
evaluation  utilized  the  generated 
data  described  previously.  Thus  the 
wide  variety  of  fault  conditions 
given  in  Table  1  were  used  in 
assessing  the  performance  of  these 
compressed  PF  monitors.  The  crucial 
issue  of  monitor  performance  vs.  bit 
map  size  was  examined  by  specifying 
different  bit  map  sizes  in  the 
analysis  software.  For  a 
representative  program  with 
approximately  8K  bytes  of  code  area 
within  a  64K  address  space  (much  of 
the  used  address  space  was  filled 
with  data  due  to  the  use  of  the 


aforementioned  interpretive  Pascal 
system),  six  bit  map  sizes  were  used, 
ranging  from  25  to  216  bits.  The 
coverage  of  upsets  by  the  compressed 

PF  monitors  were  viewed  relative  to 

* 

the  ratios  of  bit  map  size  to  program 
size  in  words.  For  the  i3  K  bytes  of 
code  area  in  the  representative 
program,  an  8K  x  1  bit  map  would  hare 
a  ratio  of  1 ;  a  4K  x  1  bit  map  would 
have  a  ratio  of  V2;  and  a  1 6 K  x  1  bit 
map  would  have  a  ratio  2. 

Of  the  six  compression  methods 
evaluated  for  monitor  effectiveness, 
the  simplest  are  certainly  the  valid 
start  address  method  and  valid 

destination  address  method.  The 
valid  start  monitor  uses  the  program 
counter  value  preceding  each 
instruction  fetch  to  indicate 
locations  that  are  valid  to  "leave" 
(source  address)  i.i  arriving  at  a  new 


Table  3 

Program  Flow  Compression  Methods 


Type 

| 

Funct i on 

; 

valid 

start 

- 

check  source  address 

valid 

destination 

- 

check  destination  address 

difference 

- 

check  difference  between 
source  and  destination 

concatenate 

check  concatenation  of 
lower  half  of  source  and 
destination  addresses 

swap  exclusive-or 

check  exclusive-or  of 
byte  swapped  source  with 
destination 

parity 

coding 

check  parity  generated 
from  concatenated  source 
and  destination 
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program  counter  value.  Similarly, 
tie  valid  d  e  s  1 1 nation  monitor 
Indicates  the  addresses  thnt  are 
vail'd  arrivals,  for  fetching  a  new 
Instruction  (destination  address). 

All  other  monitors  are  based  on 
combining  source-destination  address 
pairs  in  various  ways.  Within  this 
class,  the  most  straightforward  Is 
the  difference  monitor  which  uses  the 
difference  between  source  address  and 
destination  address  to  specify  valid 
combinations.  For  example  If  a 
combination  of  source  address  » 
OOOIOOO2  and  destination  address  « 
0001102  occurred,  then  1  1  1  1  1  0 2  (2's 
complement  form)  would  represent  a 
valid  source-destination  pair.  This 
compression  is  intriguing  because 
while  It  can  map  many  valid  address 
combinations  to  the  same  point,  It 
nevertheless  resulted  in  a  reasonably 
effective  monitor. 

The  next  two  compression 
methods  involved  swapping  and 
exclusive-or  operations  on  portions 
of  the  valid  source  and  valid 
destination  addresses.  The 
concatenated  monitor  utilizes  a 
compression  which  is  a  concatenation 
of  the  w/2  bits  of  the  source  address 
with  the  lower  w/2  bits  of  the 
destination  address.  The  swap 
excluslve-or  monitor  is  based  upon  a 
compression  wherein  the  lower  w/2 
bits  of  the  source  address  is  first 
swapped  with  the  upper  w/2  bits,  then 
an  exc lusive-or  of  the  swapped  source 
and  destination  addresses  is 
pe  rf  o  rmed  . 

In  the  above  compression 
methods,  representations  of  less  than 


•  hits  are  obtained  by  masking  off 
'  - h  /•>  r  d e  r  hits  as  necessary. 

m  e  t  li  o  d  !  s 
h  e  m 

c  n  c  o  d  1 ny  moil  1  tor,  2w/  ...  ,,  of  hits 

are  combined  to  create  each  c,i  the  m 
parity  bltu.  Alternating  hits  are 
taken  from  source  and  destination 
addresses,  starting  with  the  high 
source  bit  and  low  destination  bit, 
to  get  an  interleaving  effect.  For 
example,  again  suppose  that  the 
source  address  is  000 1 00  2  and  the 
destination  address  is  0001  1 0 2 •  If 
m"4,  then  three  bits  at  a  time  are 
combined,  resulting  in  0010*  as  the 
representation. 

Figure  6  showa  the  experimental 
results  for  the  six  different 
comp reused  program  flow  monitors  for 
various  bit  map  size  to  program  size 
ratios.  As  is  seen,  although  the 
absolute  performance  for  the 
different  compressions  varies,  all 
asymptotically  approach  the  coverage 
of  the  full  PF  monitor.  The  parity 
coding  and  swap  exclusive-or 
compressions  demonstrated  moderately 
higher  coverage,  and  although  not 
Indicated  in  Figure  6,  also  exhibit 
the  minimum  latency  figures.  As 
points  of  reference,  the  memory 
requirements  for  the  three  different 
full  PF  monitors  illustrated  In 
Figure  6  are  also  shown  on  the 
horizontal  axis.  (For  our  8K 
representative  program,  v  was 
approximately  equal  to  3K.)  With  the 
possible  exception  of  the  content 
addressable  full  monitor,  these 
memory  requirements  are  excessive. 

78-12 


f 


However,  as  mentioned  earlier,  the 
primary  disadvantage  of  a  content, 
addressable  P  F  monitor  is  Its 
significant  hardware  complexity. 


Combinations  of  compreessed 
program  flow  monitors  were  also 
studied.  Figure  7  shows  the  results 
of  combining  all  the  compressed 


100 


•  VALID  START 

D VALID  DESTINATION 

•  CONCATENATION 

•  _ PARITY  CODING 

A  _  SWAP  EXCLUSIVE  -  OR 
O—  DIFFERENCE 


-L. 


_L- 


MAP  SIZE  I  BITS) 

RELATIVE  TO  PROGRAM  SIZE  (  WORDS  1 


i  2-  2' 

CONTENT  INDEXED 
ADDRESSABLE 


21B 

UNIVERSE 

TABLE 


FULL  MONITORS 

Fig..  6  Compressed  program  flow  detoction  versus  map  size. 


FULL  MONITORS 


Fig,  7  Compressed  program  flow  combinations  detection  versus  map  size. 
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monitors  and  of  the  best  combination 
of  two  monitors  at  each  map  size. 

CONCLUSIONS 

In  this  paper  we  have  presented 
a  new  class  of  simple  external  upset 
monitors.  These  monitors  are 
compressed  versions  of  complete 
program  flow  monitors.  The 
motivation  for  considering  these 
monitors  emanated  from  two  extensive 
series  of  fault  injection 
experiments.  Overall,  program  flow 
upsets  were  shown  to  be  the 
predominant  'lass  of  disturbance 
produced  by  widely  varying 
experimental  fault  injection. 
Moreover,  while  other  classes  of 
observed  upsets  (memory  access, 
instruction  repertoire)  are  easily 
monitored  by  relatively 
straightforward  devices,  a  complete 
program  flow  monitor  requires  memory 
that  usually  exceeds  that  of  the 
monitored  computer  system. 

The  six  compressed  program  flow 
monitors  studied  all  utilize 
collapsed  source-destination  address 
spaces  to  detect  irregularities  in 
program  flow.  The  differences  in 
these  compressed  program  monitors 
correspond  to  the  collapsing 
techniques . 

While  the  parity  coding  PF 
monitor  demonstrated  the  best 
detection  capability,  all  of  the 
compressed  PF  monitors  approached  the 
detection  capability  of  a  full  PF 
monitor  as  bit  map  size  was 
increased.  Indeed,  using  a 
combination  of  swap-excluslve-or  and 
parity  coding  PF  monitors  results  in 


coverage  that  is  barely 

distinguishable  from  complete  program 
flow  monitoring  for  relative  map 
sizes  of  one  or  greater. 

Compressed  program  flow 
monitors  could  conceivably  provide  an 
enhancement  to  computer  system 
reliability  at  a  relatively 
Insignificant  cost.  Their 
performance  can  be  expected  to  exceed 
that  of  a  watchdog  timer,  but 
certainly  be  less  than  that  of  a 
replicated  system.  The  Inclusion  of 
these  monitors  is  transparent.  In 
practice,  their  integration  into  a 
system  can  be  acheived  without  any 
significant  complications,  or 
required  modifications  of  the 
applicable  code.  Finally,  while  an 
implementation  of  a  compressed 
program  flow  monitor  with  on  the 
order  of  ten  SSI  chips  is  easily 
acheivable,  custom  VLSI  design  would 
enhance  its  simplicity. 
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INTRODUCTION 


Lightning  protection  of  any  equipment  involves  : 

.  elimination  of  the  undesirable  surges,  and 
this  at  each  connection  of  all  external  wires, 

.  ''onnection  to  a  good  ground.  This  point 

supposes  a  good  high  frequency  comportment  of 
the  reference  is  not  the  matter  of  this  paper. 

Good  elimination  of  undesirable  surges  is  now 
well  known  for  low  frequencies  signals 
(i.e.  <  1  megahertz).  For  those  it  is  often 
realized  with  non  linear  volt/amp.  characteristic 
components,  like  spark  gaps,  zener  diodes  or 
variable  dependant  resistor. 

But  those,  or  more  generally  assemblies  of  those, 
always  appear  as  a  capacitance  which  is  put 
between  the  line  to  be  protected  and  ground. 

So,  you  cannot  use  such  a  protection  on  an  high 
frequency  wire,  for  example  an  antenna  feeder. 

In  order  to  realize  a  good  protection  in  regard 
of  lightning  and  a  quite  "transparent"  protection 
for  antenna  frequencies,  you  can  use  square-waves 
properties . 

For  example,  you  will  be  allowed  to  put  first 
(from  antenna  to  ground)  a  parallel  square-wave 
short  in  the  line,  and  so,  get  a  "te"  of 
protection  which  will  appear  regarding  lightning 
frequencies  as  p.  short  circuit  between  inner  and 
outer  conductor  of  the  coaxial. 

You  will  then  also  put  a  serie-square  wave  open 
circuit  in  your  feeder  and  get,  for  lightning 
frequencies,  an  open  way  towards  ground. 


Those  two  ways  will  be  developpea  in  this  paper 
They  allowed  to  get  a  catalogue  of  "tees"  and 
"decoupling  lines"  of  protection,  now  largely 
used  to  protect  H.F.  equipments  from  lightning 
effects  coming  from  feeder. 

Next  slide  shows  a  current  family  of  tees,  and 
especially  clockwise  from  top  : 


the  25  +  125  MHz 
the  80  +  640  MHz 
the  400  900  MHz 
the  100  +  500  MHz 


(L  9028) , 
(L  3233), 
(L  3097), 
(L  3030). 


and  to  rapid  attaches  for  masts. 
CHAPTER  ONE 


MECHANISM  OF  A  LIGHTNING  STROKE  FROM  ANTENNA 
TO  GROUND' 

Before  introducing  lightning  protection  devices 
for  such  applications,  you  must  take  in  account 
some  points  : 

.  In  the  main  cases,  it  is  always  the  inner 
conductor  which  is  connected  both  to  the 
hot  point  of  the  antenna  and  to  the  electronic 
components  of  the  equipment. 

.  Generally,  the  cuter  conductor  is  connected  to 
the  cold  point  of  the  antenna  and  to  the  box 
of  the  equipment,  itself  connected  to  ground, 
so,  the  box  itself  eliminates  to  ground  a  part 
of  the  captured  lightning  stroke  which  is  a 
bad  situation. 

.  When  lightning  strikes  an  antenna,  the  current 
which  downs  through  the  inner  conductor  is 
largely  dependant  of  two  factors  which  are 
first  the  type  of  antenna,  and  alsc  the 
quality  of  the  coaxial  outer  conductor. 


f 

t 
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We  shall  rapidly  developp  those  two  points  : 

1 .  Influence  ot  the  type  of  antenna  : 

For  antenna  you  can  chose  either  an  opened 
or  a  dosed  antenna.  The  first  is  equivalent 
to  a  metallic  piece  following  the  inner 
conducter . 

The  second  is  an  accorded  short  circuit 
between  inner  and  outer  conductor.  Because 
it  is  accorded  for  an  higher  frequency,  it 
looks  like  a  strip  regarding  lightning. 

So,  you  can  think  that  the  level  of 
lightning  current  will  be  greater  on  the 
inner  conductor  if  you  use  an  opened  antenna, 
which  is  shown  on  the  following  schemes 
(figure  1).  In  other  words,  you  can  say  that 
choice  of  antenna  is  the  beginning  of  your 
lightning  protection. 


2.  Influence  of  the  feeder  itself  : 

The  level  of  current  downing  the  inner 
conductor  is  also  largely  dependant  of  the 
characteristics  of  the  outer  shield. 

Indeed,  downing  the  outer  conductor,  the 
lightning  current  induces  more  or  less  energy 
toward  the  inner,  that  is  dependant  of  its 
transfer  impedance  cbaracteric. 


where  £  is  the  length  of  the  sample  (meter) 
v  is  the  overvoltage  (in  volts) 
for  a  I  (Amps)  of  lightning  downing  outside 
the  outer  conductor 
Zt  is  given  in  oluus/meter 

For  example,  transfer  impedance  for  low 
frequencies  can  take  a  value  of  10”  ohms/ra 
for  a  multi-wire  shielded  cable,  and  r.  value 
of  about  1 0~4  to  1CT5  oluns/m  for  a  full 
shielded  cable  (i.e.  cable  where  external  Lb  a 
copper  tube) . 

But  when  frequency  increases,  a  mtlti-wired 
cable  is  worst  and  worst  (the  wave  length  is 
coming  smaller  and  smaller  and  goes  to  the 
distance  of  the  size  of  the  holes),  but  a 
full  shielded  cable  becomes  batter  and  better 
(you  benefit  of  skin  effect  and  i  becomes  <<  I)  . 

So,  you  can  tell  like  the  choice  of  antenna 
the  choice  of  the  feeder  itself  can  minimize 
the  level  of  lightning  current  on  the  inner 
conductor,  and  be  considered  as  the  beginning 
of  lightning  protection 


CHAPTER  TWO 


CHAPTER  THREE 


PRINCIPLES  OF  PROTECTION  DEVICES  FOR  FEEDERS 

From  what  has  been  just  written,  we  can  tell 
that  lightning  protection  of  a  coaxial  fr  -der 
consists  in  minimizing  the  current  level  i rom 
lightning  on  the  inner  conductor. 

You  can  approach  that  through  the  choice-  of 
antenna  type  and  of  coa.Jai  feeder.  But  that 
generally  does  not  involves  to  you  and  of 
course  it  is  not  always  sufficient. 

You  can  complete  that  : 

.  by  increasing  the  feeder  impedance  between 
the  antenna  and  the  equipment  to  be 
protected , 

.  by  short  circuiting  the  inner  conductor 
with  the  ground, 

.  by  realizing  a  parallel  low  impedance  way 
for  the  lightning  surge  to  the  ground. 

Lightning  protection  devices  we  shall  now 
present  have  the  two  first  characteristics 
and  allow  to  connect  the  parallel  ground  wire 
of  the  third. 

The  figure  3  explains  what  you  get  without 
and  with  more  and  more  protection  : 


3A  +  without  protection, 

3B  with  a  tee, 

3C  with  a  tee  and  a  decoupling  line 


I 

ELECTRICAL  CHARACTERISTICS  OF  H.F.  PROTECTION 
DEVICES  ’ 

In  order  to  give  a  good  protection  regarding 
lightning  frequencies,  such  devices  must  have  a 
great  value  for  the  21  to  -23  elements  shown  on 
figure  3,  but  only  for  those  frequencies. 

Indeed  those  impedances  must  be  quite  small 
according  to  antenna  frequencies. 

In  addition,  the  short  circuit  of  the  tee 
(3B  and  3C)  must  be  a  square  wave  of  antenna 
frequency. 

In  theory,  that  only  allows  one  frequency  for 
th*1  device  and  we  shall  have  to  make  it  for  a 
larger  wideband  :  both  because  of  stock  and 
applications  problems. 

Then,  the  device  must  be  quite  transparent  on 
the  feeder  and  so  it  must  ha'’e  a  e.orrect 
impedance  adaptation  with  the  feeder  and  a 
small  insertion  loss. 

REMARK  :  it  is  of  course  sjpposed  that  the 

parallel  ground  wire  (is)  is  itself 
a  low  impedance  way  to  ground,  and  for 
example  that  it  is  straight  and  build 
with  a  good  copper  wire,  the  section 
of  which  is  greater  if  higher. 

When  we  write  (figure  3B)  i4  ^  i5, 
it  is  pessimist.,  in  fact,  it  must  be 
i4  <  i3. 

CHAPTER  FOUR 

ELEMENTS  OF  CALCUL- OF  H.F.  PROTECTION  DEVICES' 

Figures  4  and  5  below  show  some  parameters 
we  can  choice  when  we  intent  to  build  such 
a  device. 

In  fact,  and  considering  the  mechanical 
smallnest  when  frequencies  are  higher  and 
higher,  we  don’t  make  or  sell  tees  with  a 
decoupling  inner  conductor  if  frequency  is  higher 
thar  1  GHz  (see  next  table) . 

But  for  lower  frequencies  you  can  play  with  4 
different  impedances  for  a  te  and  5  for  a  line. 
And  more,  according  to  the  classic  I.F,  video 
transformers  in  superheterodyn  receivers  you 
are  allowed  not  to  chose  aX  1/4  equal  to  X  2/4 
and  even  equal  to  the  X/4  of  the  real  central 
frequency  of  your  expected  wideband. 

This  is  a  way  to  get  a  wideband  device  ! 

Now,  we  can,  on  a  H.P.  calculator,  enter  only 
three  information  which  are  : 

.  line  impedance, 

.  wideband  expected, 

.  maximum  VSWR, 

It  will  give  us  all  parameters  to  ouild  the 

,'nf’  o^rpr)  i  ‘•lip  «c  rufll  l  qf 
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In  fact,  vie  manufacture  three  classes  of  such 
equipments  : 


FIGURE  4 
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.  if  K  is  smaller  than  0,8,  we  get  very 
performant  devices,  the  VSWR  of  which  is 
lower  than  1,15  (below  1  GHz), 

.  if  K  is  between  0,8  and  1,3,  we  get  good 
devices,  with  a  VSWR  lower  than  1,30 
(below  1  GHz) . 

For  some  wideband  antennas,  we  had  to  developp 
special  devices  with  a  K  >  1,50.  There  the 
VSWR  can  be  greater  that  1,50. 


CD 


\  \ 


Ji- 


Zi  -2, 

FIGURE  5 


A./4 


Nota  :  the  end  connector  is  also  very  important. 


CHAPTER  FIVE 

CATALOGUE  DEVICES  FOR  HIGH  FREQUENCIES 
PROTECTION ' 


The  next  table  shows  some  examples  cf  our 
up-to-day  catalogue  for  the  50  fi  devices 
(tees  and  dccoup! ing) 


We  have  now  been  working  in  this  way  since  ten 
years.  At  the  beginning,  we  only  toncepted  narrow- 
band  devices,  for  example  the  fiist  which  had  an 
up-to-day  mechanical  design  was  the  900  140  MHz. 
Machin-calcul  help  allows  us  to-day  to  get  very 
large  band  devices. 

This  can  be  characterized  through  the  ratio 
F2  -  FI 

- -  =  K,  where  F2,  FI,  are  the  lowest  and 

highest  frequency  between  25  MHz  and  18  000  KHz 
we  can  make  a  device  where  K  is  greater  than  one. 


REMARK  :  We  also  have  devices  for  60  and 
75  ohms /line 


REF.  NUMBER 

WIDEBAND 

(MHz) 

FOR  VSWR 

MAX 

VALUE 
OF  K 

DECOUPLING 

OF  INN.  CCND . 

a  (dC) 

AT  100  kHz 

TYPE  OF 
CONNECTOR 

Tee  3028 

25  -  125 

1,25 

1,33 

YES 

80 

N 

Tee  3029 

50  -  250 

1,25 

1,33 

YES 

80 

N 

Tee  3030 

100  -  500 

1,25 

1,33 

YES 

30 

N 

Tee  3445 

100  -  500 

1,15 

1,33 

YES 

80 

EIA 

Tee  3233 

80  -  640 

1,50 

1,56 

YES 

80 

N 

Tee  3190 

125  -  1000 

1,50 

1,56 

YES 

80 

N 

Tee  3001 

400  -  900 

1,15 

0,77 

YES 

80 

N 

Tee  3097 

400  -  900 

1 ,18 

0,77 

YES 

80 

EIA 

Tee  2905 

1000  -  4000 

1,35 

1,20 

NO 

60 

N 

Tee  3039 

2500  -  /000 

1  ,40 

0,94 

NO 

60 

N 

Tee  4270 

10000  --  18000 

1,50 

0,57 

NO 

60 

N 

D.L.  3033 

25  -  125 

1  ,30 

1,33 

/ 

40 

N 

D.L.  3035 

100  -  500 

1,30 

1,33 

/ 

40 

EIA 

D.L.  3037 

. 

470  -  860 

Ub 

1 - 

0,61 

/ 

4U 

EIA 

CHAPTER  SIX 


SOME  MEASUREMENT  RESULTS  FOP  TEES 

We  have  a  large  choice  to  show  measurement 
results  of  those  devices.  We  decided  to  show 
results  of  a  middle-range  device,  which  is  one 
of  the  more  used,  because  it  is  the  number 
L  3030  which  is  used,  between  100  and  500  MHz  : 

.  for  civil  VHF  aviation  (118  -  136  MHz), 

.  for  UHF  military  aviation  (220  -  400  MHz), 

.  for  O.M.  144  MHz, 

.  for  150  and  450  MHz  applications, 

.  for  T.V.  (band  II  and  III  175  -  220  MHz). 

Nent  figures  show  both  attenuation  (lightning 
and  antenna  frequencies)  and  VSWR  (antenna 
wideband),  and  slides  show  the  device  itself 
and  you  can  see  on  the  family  slide,  on  the 
low-left  side,  the  rapid-froggy  pieces  to  hold 
such  a  device  on  a  mast. 

REMARK  :  Note,  for  highest  frequencies,  outside 
the  antenna  band,  some  secondaries 
possibilities  of  using,  in  a  more 
narrow  band,  such  a  device.  They 
correspond  to  the  other  electrical 
combinations  of  the  7,1/8,  *2/8, 

X 1 / 1 6  ana  so  on . . . 
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FIC .  7  :  Tee  L  3030  -  Attenuation  in  the  antenne 
band 


FIG ■  _6  :  Tee  L  3030  -  Attenuation  between 
100  Hz  to  1  000  MHz 


FIT.  8  :  Tee  L  3030  -  VSWR  in  the  antenna  band 
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FIGURE  9  -  TEE  L  3030 


CHAPTER  SEVEN 


MEASUREMENT  PESULTS  FOR  DECOUPLING  LINF  DEVICES 


We  chose  for  example  a  largely  used  device  in 
TV  ~  UHF  band,  largely  used  for  the  decoupling  of 
TV  retransmiters  and  for  powers  lower  than 
.3,5  kW  in  band  IV  1 , 5  kW  in  band  V  (with  EIA-END 
connectors) . 
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Whole  band  attenuation 


FIG .  1 1  -  Decoupling  line  L  3037 
VSWR  in  antenna  band 
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INSTALLATION  OF  HIGH  FREQUENCY  DEVICES 

Despite  those  devices  don’t  -ive  special 
installation  problems,  wo  describe  below  three 
typical  cases  which  will  show  for  example  the 
advantage  of  the  decoupling  line  or  the 
recommended  situation  of  the  tee. 


REMARK 


Never  forget  that  those  devices  only 
protect  the  receiver  or  transmitter 
and  never  the  antenna  itself  : 
seme times  you  can  have  an  antenna 
electronic  (i.e,  antenna  preamp.) 
which  will  remain  exposed ,  despite 
this  H.K  protection. 


-  antenna  over  a  small  size 
shi'l  ter 

In  this  case,  you  will  onLy  put  a  lee, 
outside  the  shelter  and  connected  outside 
ground  reference. 


h.. _ ./• 


FIGURE  13 
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Second  example  -  antenna  over  an  high  structure 


CONCLUSION 


In  this  case,  you  can  see  the  great  advantage 
of  the  insertion  of  the  decoupling  line  which 
will  make  of  the  feeder  the  worst  way  t.o  ground. 
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FIGURE  14 


Lightning  protection  of  an  high  frequency 
equipment  supposes  in  theory  one  own 
reference  for  antenna,  feeder  and  equipment. 

But  when  we  look  at  that  more  attentively, 
we  find  more  efficient  solutions,  some  of  them 
showing  the  need  of  a  decoupling  part  (outer 
and  inner  conductor  of  feeder)  between  feeder 
and  "jquipment  : 

in  this  case,  the  way  from  antenna  to  ground 
for  lightning  is  no  more  the  equipment 
itself  (hot  entry  or  box). 

In  order  to  realize  such  arrangements,  you  need 
both  very  efficient  tees  of  protection,  which 
will  allow  to  throw  to  ground  inner  and  outer 
conductor  surges,  and  decoupling  iltvic?', 
in  order  to  separate  feeder  potential  from 
equipment . 

Such  devices  are  now  industrially  developped 
and  we  can  tell  with  very  interesting  characte¬ 
ristics,  regarding  lightning  frequencies  and 
quitely  no  perturbance  for  the  transmitter 
or  receiver  equipment. 


Third  example  -  antenna  over  a  separated  mast 

If  equipment  is  in  a  shelter  far  from  the  mart 

you  have  to  put  : 

.  first  a  tee  on  the  lowest  part  of  the  mast, 
near  ground  reference, 

.  eventually  a  tee  outside  the  shelter, 
and  especially  if  the  distance  is  great 
enough  not  to  be  allowed  to  consider  ground 
reference  of  the  mast  is  the  same  of  the 
shelter's  one, 

,  if  shelter  is  large,  a  decoupling  line  at  the 
back  of  equipment  (like  for  second  example). 
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LIGHTNING  TESTS  OF  AN  ELECTRONIC  ENGINE  CONTROL 
WITH  ASSOCIATED  WIRING 

J.  Robb,  D.  Loner ini,  H.  Qgusian  and  P.  Geren 


ABSTRACT 

Impulse  and  swept  CW  Lightning  tests  have  been  carried  out 
as  part  of  a  developmental  program  on  a  new  Electronic  Engine 
Control  (EEC)  for  the  next  generation  of  transport  aircraft.  The 
tests  were  made  using  an  experimental  engine  as  a  test  bed,  and 
were  carried  out  with  the  controller  and  with  a  variety  of  wiring 
harnesses. 

Digital  electonic  engine  controls  are  generally  used  on 
modem  high  bypass  engines  which  have  relatively  poor  shielding. 
The  controller  is  mounted  on  the  fan  case  and  because  of  the 
requirements  for  easy  maintnance  and  quick  access,  only  a  few 
attachment  points,  such  as  hinges  and  latches,  can  be  used  for 
the  fan  cowl.  This  lack  of  bonding  points  greatly  reduces  its 
shielding  effectiveness. 

The  testa  on  the  Electonic  Engine  Control  (EEC)  included 
(a)  both  impulse  arid  swept  CW  tests  with  open  and  short  circuit 
measurements  of  the  induced  voltages  and  currents  at  the 
controller  to  determine  the  basic  coupling  parameters,  (b)  low 
level  tests  with  dummy  loads  at  the  controller  to  provide 
estimates  of  the  voltages  which  would  actually  be  seen  at  the 
pins  of  the  EEC  as  a  function  of  lightning  current  amplitude  and 
rate  of  raise  and  (c)  upset  and  damage  tests  of  an  operating  EEC. 
Bulk  cable  currents  and  magnetic  fields  about  the  engine  were 
also  measured  for  correlation  with  the  cable  conductor 
measurements . 

Single  and  double  shielded  cables  and  cables  with  both 
pigtail  aid  360  degree  backshell  to  shield  connections  were 
studied.  The  impulse  tests  were  performed  with  an  impulse 
generator  connected  both  as  a  simple  capacitor  bank  aid  as  a  high 
voltage  Marx  impulse  generator.  The  drive  current  was  a  2 30 -kHz 
damped  sinusoid  with  currents  ranging  from  200  to  23,000  amperes 
crest  current. 

The  basic  problem  and  the  solution  may  be  summarized 
as  follows.  With  the  fan  cowls  which  have  only  a  few 
attachment  jxiints,  the  EEC  and  the  wiring  are  in  effect  on  the 
electromagnetic  exterior  of  the  aircraft  and  therefore  the  extra 
25  to  45  db  of  shielding,  which  would  be  provided  by  the  aircraft 
skin  if  the  wiring  were  inside  the  aircraft  or  were  under  a 
peripherally  bonded  metal  engine  cowl,  must  be  obtained  for  the 
exposed  wiring  on  the  engine.  Hi  is  can  be  done  by  either  using 
double  shielding  or  by  adding  peripheral  bonding  and  improved 
shielding  to  a  composite  fan  cowl. 
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DEVELOPMENT  OF  A  HUMAN  ELECTROSTATIC  DISCHARGE  MODEL 
IN  RELATION  TO  ELECTRONIC  SYSTEMS 


William  W.  Byrne,  Senior  Research  Scientist 
Southwest  Research  Institute,  San  Antonio,  Texas 


ABSTRACT 

Electrostatic  Discharge  (ESD)  in  this  paper  pertains  to  understanding 
the  processes  of  electrical  charge  buildup  on  a  human  being  or  other  conductive 
shape,  followed  by  a  discharge  into  another  conductor  such  as  an  electronic 
device.  Several  megawatts  of  peaV  power  may  he  involved. 

In  order  to  design  and  test  for  ESD,  it  is  necessary  to  establish  the 
electrical  characteristics  Of  the  electrostatic  buildup  and  discharge  circuit. 
Crude  models  of  a  human  be|ng /electronic  equipment  system  for  ESD  are'  developed 
by  the  author  in  reference^  (1)*  and  (2).  This  paper  further  develops  the 
modeling  process  to  include  a  large  metallic  ground  plane,  under  the  facility 
floor  covering,  connected  to  earth.  Also,  the  effects  of  hand-held  sharp 
radii  metallic  objects  are  examined.  From  the  circuit  parameters,  approxi¬ 
mate  wave  shapes  of  the  discharge  are  computed  for  various  cases. 

Much  work  has  been  done  i:.  actual  laboratory  measurements  of  electrostatic 
discharge  phenomena,  in  order  to  properly  design  test  equipment  to  simulate  an 
actual  discharge  as  accurately  as  possible.  However,  it  is  believed  by  the 
author  that  mathematical  modeling  of  the  system  ir  essential.. 

*Numbers  in  parentheses  designate  references  at  end  of  paper. 
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ELECTROSTATIC  DISCHARGE  (ESD)  may  be  con¬ 
sidered  similar  in  cause  and  effects  to  lightning.  The  ob¬ 
served  arc  in  the  ESD  process  behaves  like  a  lightning 
arc.  ESD,  in  this  paper,  is  limited  to  the  buildup  and 
flow,  or  redistribution,  of  charge  between  a  human 
being,  an  electronic  system,  a  ground  plane  and  earth. 
Flow  of  the  charges  takes  place  slowly  during  the  charg¬ 
ing  phase,  and  very  rapidly  during  the  charge  redistribu¬ 
tion  phase.  Charges  are  built  up  on  the  person  usually  as 
a  result  of  triboelectric  action  between  the  shoe  soles  and 
the  floor  covering. 

The  sudden  release  of  built-up  electrostatic  energy 
from  high  to  low  potentials  in  the  system  causes  potenti¬ 
ally  devastating  voltages,  currents  and  electromagnetic 
fields  to  occur  in  vulnerable  components  in  the  electronic 
system.  Upon  ionization  and  air  dielectric  breakdown 
(arcing),  the  rapid  redistribution  currents  easily  propa¬ 
gate  down  interconnecting  cables  and  olher  units  before 
finally  bleeding  off  through  the  higher  RF  impedance 
(inductance)  of  the  ground  connection.  A  person  has  a 
strong  capability  »o  retain  the  built-up  charge  due  to  his 
high  degree  of  insulation  from  the  floor  coverin'’  and 
earth, 

Microcircuits  may  be  destroyed  or  altered  l  either 
low  voltage,  long  duration  pulses,  as  in  the  case  of  RF 
interference,  or  with  high  voltage,  short  duration  pulses. 
Typically,  in  ESD,  several  thousand  volts  may  be  applied 
to  a  system  housing,  resulting  in  short  duration  pulses  on 
the  order  of  100  volts  applied  to  the  microcircuits,  refer¬ 
ence  [2],  End  item  users  of  these  sensitive  circuits  can  be 
damaged  or  destroyed,  or  electronic  data  may  be  altered 
by  the  unwanted  interference.  The  effects  upon  a  person 
with  various  inplarited  biomedical  devices  is  as  yet  un¬ 
known. 

ELECTROSTATIC  DISCHARGE  MODEL, 

Figure  I  demonstrates  a  typical  setup  for  the  charge 
buildup  on  a  person  in  a  room  with  an  electronic  system. 
The  person  is  insulated  from  the  ground  plane  while  the 
machine  is  connected  to  earth  through  a  safety  ground. 
In  this  model,  the  earth  is  relatively  far  from  the  person 
and  the  machine,  while  the  ground  plane  is  close  to  the 
system.  Both  the  person  and  the  machine,  for  equal 
shapes,  in  accordance  with  cur  model,  have  relatively 
small  equal  capacitances  to  earth,  but  significantly 
greater  capacitance  to  the  ground  plane  and  to  each 
other.  The  earth  is  taken  as  reference  potential  (0  volt). 

For  simplicity,  the  cylinder  is  used  for  both  the 
model  of  the  person  and  the  machine.  The  person’s  arms 
arc  assumed,  for  capacitance  simplification,  to  be  at  his 
sides. 

The  person  is  assumed  to  be  fairly  large,  113 
kilograms  (250  pounds),  and  1.9  meters  (6  ft,  3  in.)  in 
height.  Considering  that  the  mass  for  unit  volume  of  a 
person  is  roughly  that  of  water,  the  resulting  volume  is 
0.1  cubic  meters  (4  cubic  feet).  A  cylinder  of  equal  size  is 
chosen  for  the  electronic  machine.  The  radius,  therefore, 
of  each  cylinder  is  approximately  13.8  centimeters  (5.4 
in.).  The  two  cylinders  ate  upright  and  parallel  to  each 
other. 


In  Figure  1,  the  person  on  the  left  is  several  feet 
away  from  the  machine.  At  this  distance,  the  person/ 
machine  capacitance  is  relatively  small.  The  amount  of 
charge  that  can  be  accumulated  on  the  body  surface  is 
determined  by  the  geometry  of  the  person  as  related  to 
corona  effects,  and  primarily  by  the  person/ground 
plane  capacitance.  The  earth  is  relatively  far  removed. 
The  model  for  the  case  without  a  ground  plane  is  shown 
in  reference  [2], 

For  examination  of  the  theoretical  and  actually 
measured  values  of  voltage  that  can  be  sustained  on  the 
person’s  body,  see  reference  [2],  and  Appendix  A  of  this 
paper. 

The  dotted  body  on  the  right  of  Figure  1  is  the  new 
position  of  the  person  who  has  approached  as  near  to  the 
machine  as  possible  before  arcing  occurs  and  before 
touching  the  machine.  The  person  is  also  capacitively 
coupled  to  the  grounded  machine  in  a  configuration 
equivalent  to  a  person  brushing  by  the  machine  with  his 
body.  At  this  point,  the  person/machine  insulation  fails 
by  the  air  dielectric  breakdown  and  arcing  occurs,  setting 
up  rapid  redistribution  transient  currents  in  the  person 
and  the  machine,  followed  by  slower  current  drain  back 
to  earth  through  the  safety  ground  wire. 

The  electrostatic  portion  of  the  problem  to  be  solved 
involves  determining  the  total  amount  of  energy  that  can 
be  built  up  in  the  system  before  discharge.  In  a  system  of 
conductors  in  space,  a  matrix  (determinants)  is  used  for 
the  number  of  conductors  in  the  system.  The  charge  on 
the  conductor  is  proportional  to  the  voltage  on  the  con¬ 
ductor.  The  proportionality  factors  are  called  coeffi¬ 
cients  of  capacitance  if  the  indices  are  alike,  for  example, 
C,  ,,  or  coefficients  of  induction  if  unlike,  such  as  C,  2. 

The  equations  for  the  four  bodies  (person,  machine, 
ground  plane,  and  earth)  are  as  follows: 

Person  q,  »  C,  , V,  +  C,  2  V2  +  C,  ,V,  +  CI4V,  (1) 

Machine q2  =  C21V,  4  C„V2  4  C.23V3  4  C24V4  (2) 

Ground  Plane  q3  -  C3 ,  ,  V (  4  C,  2V2  4  C3  3V3 

4  C34V4  (3) 

Earth  q4  =  C41V,  4  C4  2V2  4  C4  ,V,  4  C4  4V4  (4) 

For  example,  C,  ,  is  a  constant  which  relates  the 
charge  q,  on  body  i  (person)  to  the  voltage  V,  on  body  1 . 
C,  2  relates  the  charge  q,  on  body  1  to  the  voltage  V2  on 
body  2  (machine),  etc.  The  q’s  are  solved  by  employing 
de'erminants.  Since  the  machine,  ground  plane,  and 
earth  arc  all  at  zero  potential  before  discharge,  V2  **  V3  - 
V4  =  0.  Therefore,  the  equations  reduce  to:  q,  “  C,  , V , , 
q2  =  C2 1 V,,  q,  =  c3  ,V|t  q4  *  C4  ,V,.  1  he  induced  change 
on  the  machine  is  q2,  q3  is  the  induced  charge  on  the 
ground  plane,  and  q4  is  the  induced  charge  on  the  earth 
resulting  from  the  process  of  giving  up  charge  to  the  per¬ 
son  and  to  (lie  machine.  C,  ,  is  the  coefficient  of  capaci¬ 
tance  of  the  person,  V,  is  the  potential  of  '.Lc  person,  C, , 
is  the  coefficient  of  induction  between  the  person  and  the 
machine,  C,  ,  is  the  coefficient  of  induction  between  the 


81-2 


WHmtrrtiTTiiimriiiiMiiiiriiiiiteiTniiiirr-t'riir'iiiirii —  ii  n  r"  .  wr— Tinrni' >  i¥Tra'rw»ti'ni>t '"i  il'flnr  i Hilnirr'  ffjr*7nniT,7’,“liWniLriTrtririltiTlB^y'riTI»lffr‘111IWHffi'W^'MMHMMI 


person  and  the  earth,  and  C4 ,  is  the  coefficient  of  induc¬ 
tion  between  the  person  and  the  ground  plane.  Simply 
stated,  the  net  charge  on  each  of  the  bodies  is  propor¬ 
tional  to  the  voltage  of  the  person. 

The  potential  on  each  body  of  an  electrostatic  sys¬ 
tem  may  be  expressed  in  terms  of  the  charge  on  each 
body.  The  proportionality  constants  P,  ,,  P,  2,  Pu,  P,  4, 
etc.,  are  called  the  coefficients  of  potential. 

The  equations  are  as  follows: 


v,  =  p,,q, 

+  Pl.zQz  +  Pu<h  +  Pl.4^4 

(5) 

V2  =  P2,|Ql 

+  P?,:^  +  Pim*)?  +  P2.494 

(6) 

v3  =  p.,.,q. 

+  Pyzdz  -*■  P3,3Q3  T  P3,4q4 

(7) 

< 

H 

-o 

A 

jb 

+  p4,2q2  +  p4.3q3  +  P4,4q4 

(8) 

Since  V2  =  V3  =  V4  =  0,  V,  =  P,  ,q,  +  P,  2q2  + 
Pi  3q,  +  P,  4q4.  This  says  that  the  potential  on  the  person 
is  related  to  induced  charges  on  the  entire  system,  as  well 
as  to  his  own  charge;  for  example,  P,  2  is  the  coefficient 
of  potential  relating  the  voltage  on  body  1  (person)  to 
charge  on  body  2  (machine),  etc.  Circuit  parameters  are 
developed  in  later  paragraphs. 

ESD  PHASES 

Three  phases  of  (he  ESD  process  are  examined:  (1) 
initial  charge  buildup,  (2)  induction  and  (3)  discharge. 


amount  of  voltage  that  can  be  sustained  on  a  human 
body.  The  technique  involves  distorting  a  single  charged 
conductive  sphere  to  two  spheres  oi  unequal  radii,  con¬ 
nected  together  by  a  very  thin  wire.  It  is  shown  that  co¬ 
rona  discharge  will  occur  from  a  sphere  of  1  centimeter 
radius  when  the  voltage  reaches  30,000  volts.  The  human 
thumb  tip  is  approximately  1  cm  in  radius  and  is  fairly 
well  isolated  from  the  rest  of  the  hand  so  that  the  electric 
field  is  enhanced  at  the  tip.  Hence,  it  is  reasonable  to  ex¬ 
pect  that  levels  as  high  as  30,000  volts  may  occur,  and 
this  level  should  be  used  in  the  worst  case  ESD  modeling 
process. 

Under  these  condition ,,  the  electrostatic  energy  may 
be  calculated  by  applying  the  relationship  Es  =  1/2  CV2 
where  C  is  the  capacitance  of  the  cylindrical  man  in  rela¬ 
tion  to  the  nearby  ground  plane  at  his  feet. 

Reference  [4]  shows  the  capacitance  of  an  upright 
cylinder  above  a  horizontal  ground  plane  to  be: 


For  —  >>  1  ,  C  = 
r 


2ir  e0f 


In 


j_V/Mh  +  3f/  j 


(9) 


C  =  the  capacitance  in  farads, 
r  =  the  radius  of  the  cylinder  in  meters, 

L  =  the  height  of  the  cylinder  in  meters. 


PHASE  1,  INITIAL  CHARGE  BUILDUP  —  By 
walking  across  a  floor,  a  person  can  build  up  very  high 
potentials  before  corona  ionization  causes  leakage  of 
charge  to  the  atmosphere.  For  worst  case  analysis,  the 
user  has  taken  no  steps  to  control  factors  which  lessen  the 
severity  of  ESD  ionization.  The  carpet  is  a  highly  insulat¬ 
ing  material.  Under  these  conditions,  charges  can  accu¬ 
mulate  on  the  human  body  to  result  in  voltages  in  excess 
of  25,000  volts.  The  average  value  of  voltage  generated  is 
typically  5,000  to  12,000  volts,  reference  (3J.  The  magni¬ 
tude  of  the  voltage  depends  primarily  upon  the  material 
of  the  shoe  soles,  the  type  of  carpet  fiber,  type  of  carpet 
backing,  wear  on  the  carpet,  human  walking  characteris¬ 
tics,  the  sharpness  of  radii  of  various  parts  of  the  human 
body,  and  the  temperature  and  humidity  of  the  room. 

At  this  remote  position,  as  shown  in  Figure  I,  the 
person  shares  the  built-up  charge  with  all  conductors  in 
contact  with  him,  such  as  ionized  atmospheric  particles. 
Should  he  stop  walking,  the  voltage  drops  off  at  a  rate 
called  the  relaxation  time. 

Once  a  charge  is  built  up  on  the  human  body  and 
sustained,  all  of  the  free  charge  on  the  body  resides  on  its 
surface.  Since  the  charges  are  essentially  at  rest,  the  elec¬ 
tric  field  for  the  static  condition  is  perpendicular  to  the 
body  surface,  and  for  irregularly  shaped  surfaces,  the 
surface  charge  density  and  the  electric  field  intensity  vary 
with  the  geometry  of  the  surface.  For  a  given  electrostatic 
charge  on  a  body,  the  charge  density  is  greater  for  the 
sharper  surfaces.  Appendix  A  (taken  from  reference  [2]) 
shows  why  this  is  true,  and  how  (he  corona  discharge 
voltage,  approximately  3  *  I06  volts  per  meter,  limits  the 


h  =  the  distance  from  the  bottom  of  the  cylinder, 
to  the  ground  plane  in  meters,  and 

e0  =  the  permittivby  of  free  space  or  air  =  8.85  * 
10  12  farads  per  meter. 

Applying  this  formula  for  the  person/ground  plane 
separation  distances  of  1  centimeter  to  1000  meters  re¬ 
sults  in  the  curve  shown  in  Figure  2.  The  maximum  ca¬ 
pacitance  for  either  the  cylindrical  model  person  or  the 
machine  to  the  nearby  ground  plane  at  a  1  -centimeter  dis¬ 
tance  is  approximately  51  picofarads.  The  capacitance  re¬ 
duces  to  41  pf  at  a  distance  of  100  meters  or  at  remote 
earth. 

The  total  capacitance  of  the  person  to  the  ground 
plane  and  to  earth  is  therefore  51  pf  +  41  pf  =  92  pf,  ne¬ 
glecting  the  relatively  large  capacitance  C3  4,  between  the 
ground  plane  and  earth.  Reference  [4]  shows  the  capaci¬ 
tance  of  a  horse  above  a  ground  plane  to  be  180  pf.  Ref¬ 
erence  [5]  shows  the  measured  capacitance  of  a  human, 
1.75  meters  tall,  weighing  68  kg,  to  ground  at  60  Hz  as 
100  pf,  and  higher  values  for  vehicles  such  as  auto¬ 
mobiles,  etc. 

The  maximum  electrosi  lie  energy  on  the  person,  at 
the  remote  distance  from  the  machine,  is  therefore  1/2 
CV2  or  l/2*92x  1012  (30  *  103)2  =  4 1 .4  millijoules.  The 
maximum  charge  that  can  be  stored  on  the  person  in  the 
remote  position  is  Q  =  CV  =  92  *  10  12  *  30  *  103  =  2.8 
microcoulombs. 
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PHASE  2,  INDUCTION  PROCESS  —  A  charged 
body  affects  the  potentials  of  all  other  bodies  in  its  vicin¬ 
ity  as  shown  in  Equations  (1)  thru  (4).  It  shows  that  the 
charge  on  the  machine  is:  q2  *»  C2 ,,  V,.  The  capacitance 
(Cj ,)  (C,  between  the  person  and  the  machine  varies  as 
a  function  of  the  geometry  of  the  person  and  the  ma¬ 
chine,  and  the  distance  between  them.  As  the  person  ap¬ 
proaches  the  machine,  the  capacitance  increases. 

However,  the  capacitance  C,  3,  (51  pf)  and  C, (41 
pf)  between  the  person  and  the  machine  to  the  ground 
plane  and  earth,  respectively,  and  the  capacitances  C,  4, 
(51  pf)  and  C23,  (41  pf)  between  the  machine  to  the 
ground  plane  and  to  earth,  respectively,  remain  un¬ 
changed  as  the  person  moves  toward  the  machine.  These 
capacitances  result  in  an  additional  effective  capacitance 
of  46  picofarads  between  the  person  and  the  machine 
through  the  earth  and  ground  plane  for  the  very  rapid 
transient  currents.  Since  the  earth  and  the  ground  plane 
are  relatively  large,  their  resistances  and  inductances  are 
ignored  in  this  study  for  reasons  of  simplification.  In  ad¬ 
dition,  C34,  the  relatively  large  distributed  capacitance 
between  the  ground  plane  and  earth,  will  have  a  tendency 
to  short  circuit  the  very  small  inductance  of  the  ground 
plane  (see  Figure  3  for  the  equivalent  ESD  circuit). 

Reference  [2]  shows  how  the  capacitance  C,  2  be¬ 
tween  the  person  and  the  machine  is  calculated  by  using 
two  identical  cylinders  whose  axes  are  parallel  to  each 
other.  The  results  of  the  calculations  are  shown  in  Table 
1  of  reference  [2],  We  will  use  the  maximum  calculated 
capacitance  of  230  picofarads  for  C,  2.  This  results  in  a 
total  effective  capacitance  of  246  picofarads  between  the 
person  and  the  machine.  The  machine  for  this  model  is 
grounded  to  earth,  hence  q2,  the  charge  on  the  machine, 
is  constantly  changing  as  the  charged  person  approaches. 
However,  the  potentials  V2  on  the  machine  and  V3  on  the 
ground  plane  remain  zero.  For  our  model,  it  is  assumed 
that  triboelectric  charging  will  continue  until  arc  dis¬ 
charge  takes  place.  In  other  words,  the  30  kV  is  main¬ 
tained  on  the  person.  This  will  cause  the  effective  person- 
/machine  capacitance  (246  pf)  to  be  charged  to  its  maxi¬ 
mum  of  Q  -  CV  “  7.4  microcoulombs,  with  an 
electrostatic  energy  of  1/2  CV2  “111  millijoules.  This 
compares  to  89.9  millijoules  without  the  ground  plane. 

For  this  model,  with  about  a  1- centimeter  gap  be¬ 
tween  the  person’s  body  or  his  fingertip  and  the  machine, 
discharge  will  take  place  for  the  30  kV  on  the  person.  The 
electric  field  of  corona  discharge,  or  when  the  air  ioniza¬ 
tion  process  takes  place,  is  3  *  106  volts  per  meter.  At  this 
point,  the  maximum  surface  charge  density  on  the  person 
and  the  machine  is  p,  ■  e0  E  =  2.66  x  io  6  cou¬ 
lomb/meter2,  where  c0  is  the  permittivity  of  free  space  (or 
air),  or  8.85  x  10~12  farads  per  meter,  and  E  is  the  electric 
field,  or  3  x  io6  volts  per  meter.  A  very  large  ground 
plane  under  the  system  may  completely  shield  the  system 
from  the  earth,  hence  the  capacitances  CM  and  C2'4  may 
vanish. 

If  a  positive  charge  is  assumed  to  accumulate  on  the 
person  at  the  remote  position,  the  charge  will  tend  to  be 
packed  or  concentrated  in  the  region  of  the  bottom  of  the 
feet,  especially  if  a  ground  plane  is  used.  As  the  person 
approaches  the  machine,  the  charge  will  have  a  tendency 
to  be  stored  predominantly  on  the  surfaces  of  the  person 


and  the  machine  which  are  mutually  facing  each  other. 
This  means  that  some  charges  are  going  to  travel  much 
farther  than  others  when  arcing  occurs. 

Reference  [1]  shows  that  if  the  person  is  positioned 
at  about  15.3  cm  (6  in.)  away  from  the  machine  with  his 
hands  at  his  sides,  the  mutual  capacitance  C,  2  is  reduced 
to  48  picofarads.  However,  the  effective  capacitance  be¬ 
tween  the  two  bodies,  for  determining  the  electrostatic 
energy  in  the  system,  and  the  total  discharge  circuit  im¬ 
pedance  is  48  pf  +  46  pf  (the  capacitance  between  the 
person  and  the  machine  through  the  ground  plane  and 
earth)  =•  94  pf.  If  a  person  is  positioned  away  from  the 
machine  but  reaches  out  with  his  hand  to  touch  the  ma¬ 
chine,  the  capacitance  between  his  arm,  hand,  and  finger 
to  the  machine  would  also  be  considered.  We  are  now 
ready  to  consider  Phase  3,  or  elec irostatic  discharge  of 
the  stored  electrostatic  energy. 

PHASE  3,  ELECTROSTATIC  DISCHARGE  -~ 
Everyone  has  ^..perienced  the  very  unpleasant  sensation 
of  ESD  shock.  We  would  like  to  know  just  how  severe 
the  energy  density  really  is  in  order  to  design  electronic 
equipment  to  withstand  the  shock  and  also  protect  the 
person  from  potential  harm.  The  most  usual  discharge 
into  an  electronic  device  is  that  of  a  human  being,  how¬ 
ever,  other  bodies  may  be  much  more  severe  from  the 
standpoint  of  discharged  power,  such  as  a  charged  metal¬ 
lic  cart,  chair  or  table  pushed  against  an  electronic  de¬ 
vice.  Not  only  will  the  capacitance  be  significant,  but  the 
resistance  of  the  discharge  path  will  be  lower  than 
through  a  human  body. 

The  pulse  shapes  upon  discharge  have  been  charac¬ 
terized  by  W.  Michael  King  and  David  Reynolds  for  vari¬ 
ous  human  and  hardware  models  in  reference  [6],  The 
study  includes  measurements  of  the  waveforms  of  dis¬ 
charges  to  simulated  electronic  systems  through  mobile 
office  furnishings  and  hand-held  metallic  objects.  From 
this  paper,  it  is  clear  t  hat  the  waveform  rise  times  and  the 
discharge  current  levels  vary  greatiy,  depending  upon  the 
setup  used  in  the  testing.  We  now  proceed  to  characterize 
the  discharge  circuit  parameters  and  wave  shapes. 

Figure  1  shows  the  position  of  the  person  with  re¬ 
spect  to  the  machine  at  the  moment  of  arcing.  The  worst 
case  situation  would  be  a  person  brushing  against  the  ma¬ 
chine.  A  very  large  electric  field  between  the  two  bodies 
causes  the  air  in  the  gap  to  ionize,  thus  drastically  reduc¬ 
ing  the  insulation  resistance  between  them  at  the  point  of 
the  arc.  This  essentially  causes  the  virtual  short  circuit 
through  the  arc.  The  equivalent  circuit  is  shown  in  Figure 
3.  Electrons  in  the  machine  are  drawn  with  a  strong  force 
of  attraction  by  the  electric  field  toward  the  positive 
charges  on  the  person,  hence,  the  large  electrostatic  en¬ 
ergy  stored  in  the  person/machine  capacitor  is  suddenly 
dissipated  in  the  circuit  with  the  current  flow  in  the  form 
of  an  arc.  It  is  this  initial  rapid  redistribution  of  charge 
which  is  of  the  most  interest  because  of  the  severity  of  the 
conducted  power  between  the  two  conductive  objects. 
The  arc  continues  until  the  voltage  across  the  person/ma¬ 
chine  capacitor  reaches  a  sufficiently  low  level  to  quench 
itself  through  the  arc.  The  current  during  this  rapid 
equalization  phase  is  governed  by  the  R,  L,  C  of  the  con¬ 
duction  path.  The  resistance  and  inductance  are  derived 
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primarily  from  the  high-frequency  characteristics  of  the 
person’s  body  and  the  machine.  During  the  initial  charge 
redistribution,  the  bulk  of  the  current  is  flowing  from  the 
person  to  the  machine.  Before  arcing,  all  of  the  available 
free  charge  resides  on  the  person’s  skin.  The  general  cir¬ 
cuit  parameters  are  shown  in  Figure  3. 

The  inductance  of  the  green  wire  to  earth  impedes 
the  higher-frequency  components  of  the  current,  hence, 
these  cu:  rents  flow  in  a  common  mode  manner  into  the 
low-impedance  structure.  A  slower  discharge  to  earth 
through  the  safety  wire  takes  place  for  the  lower-fre¬ 
quency  components  of  the  spectrum.  At  arcing,  the  dis¬ 
tribution  current  flows  as  a  pulse  having  a  very  fast  wave 
front  or  rise  time. 

The  discharge  phase  is  seen  as  three  subphases: 
(1)  the  very  fast  charge  redistribution  between  the  person 
and  the  machine  through  a  relatively  iow-impedance 
path,  (2)  a  high-frequency  coupling  between  the  remain¬ 
ing  person/machine  capacitance  to  earth  and  the  ground 
plane,  and  (3)  the  much  slower  bleed-off  of  the  built-up 
net  charge  of  the  system  to  earth. 

In  order  to  create  a  circuit  schematic  for  determin¬ 
ing  the  wave  shapes,  we  must  determine  the  electrical 
characteristics  of  the  person  and  the  machine.  The  fol¬ 
lowing  discussion  of  the  human  body  is  taken  generally 
from  reference  [2j. 

The  electrical  impedance  of  the  human  body  is  very 
complex,  as  man  is  composed  of  materials  of  varying  re¬ 
sistivity,  such  as  tissue,  supporting  structure,  and  outer 
covering.  Within  the  body,  inside  the  outer  covering,  re¬ 
sistivities  vary  from  approximately  100  ohm  cm  (1  ohm- 
meter),  for  most  vascular  tissue,  up  to  900  ohm  cm  for 
bone,  and  as  great  as  5000  ohm  cm  for  fatty  tissue.  The 
live  body,  because  of  the  effect  of  saline  liquids,  can  be 
viewed,  for  very  low-frequency  considerations,  to  be  a 
uniform  mass  with  an  approximate  resistivity  of  100  ohm 
cm  and  a  dielectric  constant  no  greater  than  unity  [7]. 
The  dielectric  constant  changes  greatly  at  higher 
frequencies. 

In  vivo  (living  body)  .-xperiments  performed  upon 
cats  by  Maria  Stuchly,  et.ul.  [8]  show  that  the  value  of 
approximately  1  ohmmeter  lesistivity,  taken  on  the  aver¬ 
age  of  organic  tissue,  is  satisfactory  at  1  to  2  GHz.  From 
the  foregoing,  we  will  use  a  value  of  resistivity  of  1  ohm- 
meter.  The  dielectric  constants  at  1  GHz  varied  over  the 
range  of  43  for  kidney  to  as  high  as  59  for  skeletal 
muscle.  [8] 

The  effect  of  the  permittivity  or  dielectric  constant 
of  the  body  upon  the  current  is  not  considered  in  this 
paper.  It  is  a  subject  of  further  investigation. 

The  model  of  the  main  frame  of  the  body  for  the 
purpose  of  capacitance  calculation  is  shown  under  “Elec¬ 
trostatic  Discharge  Model.”  The  capacitance  was  esti¬ 
mated  under  “Phase  1,  Initial  Charge  Buildup”  and  is 
summarized  for  various  conditions  in  Table  1.  Figure  4 
shows  the  possible  current  flow  routes  in  parts  of  the 
human  body  for  two  conditions  of  discharge:  (I)  midsec¬ 
tion  body  discharge,  and  (2)  discharge  through  the  fin¬ 
ger.  The  shape  of  the  body  suggests  the  cylinder  as  a  basic 
building  block  for  the  parts  of  the  body  through  which 
current  may  flow. 


For  the  discharge  electrical  impedance,  we  now  de¬ 
termine  the  estimated  resistance  and  inductance  of  the 
parts  of  the  body  most  likely  to  influence  the  discharge 
current.  These  are  the  main  frame,  the  arm  and  the  fin¬ 
ger,  all  modeled  as  cylinders. 

In  order  to  determine  the  impedance  of  the  human 
body  we  must  determine  the  “skin  depth,”  or  limit  of 
depth  within  the  body  tissue  through  which  current  can 
flow.  Because  of  the  fast  rise  times  involved,  some  in  the 
order  of  a  few  nanoseconds,  we  must  consider  the  fre¬ 
quency  for  the  ESD  currents  to  be  as  high  as  1  to  2  GHz. 
Some  rise  times  as  fast  as  500  ps  have  oeen  observed.  The 
frequency  is  needed  to  determine  the  skin  depth  for  the 
currents  in  the  body.  Rutherford  Peck  [9]  shows  the  skin 
depth  in  meters  for  a  conducting  media  to  be  S  = 

igce  where  p  is  the  permeability  or  4x  x  lCF7  H/m,  or 
the  same  as  free  space;  g  is  the  conductivity  in  mhos  per 
meter,  and  o>,  the  angular  velocity  =  2*f.  For  1  ohmmeter 
resistivity,  this  results  in  1.12  x  1(H  meters  at  2  GHz,  and 
1.59  x  10-2  meters  at  1  GHz.  We  will  use  1  cm  since  the 
faster  rise  time  of  500  ps  has  been  observe  1 . 

The  resistance  and  the  inductance  of  the  human 
body  main  frame  depend  upon  the  point  of  discharge  as 
suggested  by  Figure  4.  The  body  is  modeled  as  a  hollow 
cylinder  with  a  shell  thickness  of  1  centimeter,  as  shown 
in  Figure  5  for  the  finger  or  arm  discharge.  The  cylinder 
is  divided  into  two  half  shells  because  the  current,  in  this 
case,  will  have  the  tendency  to  take  parallel  paths  around 
each  side  of  the  body  while  traveling  from  the  feet  to  the 
shoulder,  arm  and  fingertip.  Refer  to  the  specific  dis¬ 
charge,  Cases  1  through  6,  for  determining  the  discharge 
path  and  resulting  conditions,  series  or  parallel 
arrangements,  for  resistance  and  inductance  calculations. 

In  the  case  of  a  human  midsection  discharge,  the 
model  is  shown  in  Figure  6.  Here,  the  current  has  gener¬ 
ally  four  parallel  current  paths;  from  the  head  downward 
to  the  midsection,  from  the  feet  upward  to  the  midsec¬ 
tion,  and  around  each  half  perimeter  of  the  body.  Hence, 
4  half  shells,  each  1  cm  thick,  are  used. 

For  the  model  of  the  human  arm,  refer  to  Figure  7. 
The  resistance  is  determined  by  calculating  the  resistance 
of  a  hollow  cylinder  where  the  thickness  of  the  shell  is  1 
centimeter  (the  skin  depth). 

For  the  model  of  the  human  finger,  refer  to  Figure 
8,  The  resistance  is  determined  by  calculating  the  resis¬ 
tance  of  a  solid  cylinder,  since  doubling  the  skin  depth 
exceeds  the  diameter  of  the  finger.  The  skin  depth  is  1 
centimeter.  The  resitance  of  the  components  may  be  cal¬ 
culated  by  R  =  p(f/A),  where  R  is  the  resistance  in  ohms, 
p  is  the  volume  resitivity  (1  ohmmeter),  l  is  the  length  of 
the  component  in  meters  and  A  is  the  cross-sectional  area 
in  (meters).  [10] 

The  resistance  of  the  finger  was  determined  by  con¬ 
sidering  the  resistance  of  the  finger  bone  in  parallel  with 
the  more  conductive  outer  sheath  of  the  finger,  taken  as 
1/8  in.  thick. 

The  outer  skin  layer,  the  epidermis,  has  a  resistivity 
of  up  to  106  ohm  cm  and  may  be  taken  as  about  1  mm 
thick.  [7]  For  this  reason,  it  will  be  considered  a  thin 
layer  of  insulation  carrying  relatively  little  current. 

An  area  of  uncertainty  lies  in  the  effect  of  the  rela¬ 
tively  high  resistive  epidermis  portion  of  the  skin,  Ju:t 


81-5 


before  discharge,  the  free  charge  resides  on  the  surface 
and  the  electric  field  is  perpendicular  to  the  skir  At  dis¬ 
charge,  the  current  takes  the  path  of  least  rc  istance, 
which  is  below  the  skin  in  the  region  of  the  saline  struc¬ 
ture.  The  skin  is  only  1  mm  thick,  hence  the  charge  would 
be  influenced  by  the  skin  for  only  a  very  short  portion  of 
the  rise  time,  considering  the  length  of  the  discharge  path 
for  each  charge.  If  the  skin  resistance  effect  were  contin¬ 
uous,  the  resistance  of  the  skin  over  the  body  surface 
would  be  R  =  p (£/ A)  --55.7  ohms,  where  p  is  the  resis¬ 
tivity  of  the  skin  or  1CF  ohmmeter,  f  is  the  skin  thickness 
or  1  mm,  and  A  is  the  surface  area  of  the  body  or  1.8  x 
l(h' m2  for  a  cylinder.  It  appears,  therefore,  that  the  skin 
acts  only  as  a  delaying  factor,  and  not  as  a  continuous 
circuit  resistance  during  the  discharge  process. 

The  self  inductance  is  determined  by  considering 
each  component  as  a  cylindrical  conductor.  Terman  [10] 
shows  the  inductance  of  straight  round  wires  for  interme¬ 
diate  frequencies  as  L  =  0.00508f  (2.303  log10  (4f/d)  -  1 
+  p6)  microhenries,  where  l  is  the  length  in  inches,  d  is 
the  diameter  in  inches,  p  is  the  permeability,  and  6  is  a 
skin  depth  factor,  which,  for  higher  frequencies,  is  inver¬ 
sely  proportional  to  the  square  root  of  frequency,  and  for 
very  high  frequencies  approaches  zero.  Hence,  the  term 
pS  will  be  taken  as  zero,  since  the  frequency  (2  GHz)  is 
very  high.  Terman  states  that  “the  changes  of  inductance 
with  frequency  are  comparatively  small.”  [10]  There¬ 
fore,  the  value  of  inductance  used  is: 


0.00508£ 


(2.303  logl0-  -  l)  (10) 


H.C.  Barnes,  et  al.  [7]  arrived  at  values  of  0.1  mi¬ 
crohenry  for  inductance  and  1  ohmmeter  resistivity  for 
the  human  body,  modeled  as  a  prolate  spheroid,  at  60 
Hz.  These  compare  favorably  with  our  values.  Ronald  J. 
Spiegel  [11],  uses  various  cylinders  for  parts  of  the 
human  body  in  his  work  relating  to  current  induced  into 
the  body  for  high  voltage  power  lines. 

In  this  paper,  there  are  6  specific  conditions  taken 
for  discharge.  (The  case  of  a  metallic  intervening  object, 
e.g.,  a  person  seated  in  a  metai  chair  or  pushing  a  metal 
cart  of  some  configuration  are  not  included  in  this 
paper.)  The  values  of  resistance,  inductance,  and  capaci¬ 
tance  for  each  case  are  shown  in  Table  1 .  The  cases  are  as 
follows: 

Case  1.  A  charged  person  with  30  kV  on  his  body 
approaches  a  large,  low-resistive  machine  such  as  in  Fig¬ 
ure  1 ,  with  his  arms  close  by  his  body,  and  he  brushes  up 
against  the  machine  (see  Figure  10  for  the  wave  forms). 

Case  2.  This  case  is  similar  to  Case  1,  which  is  for  a 
person  approaching  within  a  very  close  distance  frorr.  the 
machine,  e.g.,  1  cm,  (0.4  in.)  allowing  the  full  capaci¬ 
tance  development  between  the  person  and  the  machine. 
The  difference  is  that  he  touches  the  machine  with  his  fin¬ 
ger  instead  of  brushing  by  it  (see  Figure  1 1). 

Case  3.  This  is  the  same  as  for  Case  2,  except  the 
person  is  about  15.3  cm  (6  in.)  away  from  the  machine 
when  he  reaches  out  to  touch  it  with  his  finger  (see  Figure 
12). 


Case  4.  This  is  the  same  as  Case  3,  except  the  ma¬ 
chine  has  a  high  resistance,  chosen  as  10s  ohms  (see  Fig¬ 
ure  13). 

Case  5.  In  this  case,  a  person  standing  15.3  cm  (6 
in.)  from  a  low-impedance  machine  is  holding  a  sharp 
object  such  as  a  key  with  a  radius  of  1  millimeter.  His 
body  has  only  3  kV  on  it.  He  then  reaches  out  to  touch 
the  machine  with  his  finger  (see  Figure  14). 

Case  6.  This  is  a  rerun  of  Case  4  in  reference  [2]  for 
the  condition  of  no  ground  plane,  but  including  the  ca¬ 
pacitance  from  the  person  to  the  machine  through  earth 
(see  Figure  1 5  for  the  wave  forms). 

The  resistance  of  the  machine  was  chosen  as  the  rel¬ 
atively  low  value  of  1  ohm  for  a  metal  chassis,  or  106 
ohms  for  an  insulated  chassis.  The  inductance  of  the 
machine  is  taken  to  be  the  same  as  the  human  main 
frame,  both  modeled  as  cylinders.  For  calculating  the 
predicted  wave  form,  the  simplified  circuit  is  shown  in 
Figure  9.  The  charged  capacitance  serves  as  the  voltage 
source.  With  the  current  flowing  upon  arcing,  RT  and  LT 
are  the  total  circuit  resistance  and  inductance,  respec¬ 
tively,  and  C  is  the  capacitance. 

In  the  simplified  schematic  for  the  series  circuit,  the 
capacitor  is  the  storage  dement  for  the  initial  voltage  V0. 
When  the  circuit  is  completed  by  closing  the  switch  (low 
resistance  arc),  the  Kirchhoff  voltage  law  may  be  used  to 
set  up  the  differential  equation: 
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d2i 

dt2 


+  R 


di 

d T 


1 

c 


i  =  0, 


OD 


where  i  is  the  instantaneous  current. 

The  solution  of  this  equation  and  discussion  of  the 
factors  controlling  the  wave  shape  are  shown  in  Refer¬ 
ence  [2].  The  voltage,  current  and  time  curves  arc  shown 
in  Figures  10  through  15  for  the  six  cases.  These  curves 
were  obtained  by  using  an  HP  21  MX  Minicomputer  and 
an  HP  9872A  Plotter.  Conditions  described  in  the  six 
cases  determine  whether  the  curves  are  overdamped,  or 
underdamped.  Case  1  is  an  example  of  an  underdamped 
case  due  primarily  to  the  low  value  of  resistance  R  in  the 
system.  The  wave  shapes  are  shown  in  Figure  10.  This 
shows  a  rise  time  of  about  6  ns  for  the  “brush  by”  or 
midsection  discharge  case.  Case  2  is  an  example  of  an 
overdamped  case  due  to  the  higher  resistance  of  the  fin¬ 
ger  and  the  arc.  as  compared  to  the  body. 

Recommendations  for  designing  and  testing  electro¬ 
nic  equipment  to  meet  the  conditions  of  ESD  are  shown 
in  reference  [2], 

CONCLUSIONS 


The  results  show  that  Case  1  lor  rhe  midsection  dis¬ 
charge  is  far  more  severe  than  the  others  from  the  stand¬ 
point  of  electrical  power  to  be  absorbed  by  the  system. 
The  current  approaches  589  amps.  This  repre.ents  a  peak 
power  of  5892  x  11.3  ohm  =  3.9  megawatts.  The  peak 
power  released  for,  e.g.,  Case  3  is  272  x  1083  ohm  0.79 
megawatts. 

The  »se  of  the  ground  plane  increases  the  peak  cur¬ 
rent  for  Case  1  from  573  amps  to  589  amps,  as  shown  in 
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Figure  10.  Hence,  it  appears  that  the  insertion  of  the 
ground  plane  does  not  appreciably  increase  the  current 
and  power  in  the  case  of  a  human  discharge  into  a  large 
machine.  This  is  because  of  the  relatively  higher  capaci¬ 
tance  between  a  person  and  the  large  machine,  as  com¬ 
pared  to  the  capacitance  between  either  the  person  or  the 
machine  to  the  ground  plane. 

The  current  wave  form  shown  in  Figure  14  shows 
that  if  a  person  is  carrying  a  sharp  object  such  as  a  key 
and  discharging  with  either  the  key  or  a  finger,  the  worst 
case  peak  power  to  be  absorbed  by  the  system  is  reduced 
to  (2.7)2  x  1083  =  7895  watts.  Discharge  through  a  sharp 
object  is  also  much  less  uncomfortable  than  through  the 
nerve  sensitive  finger  tip.  It  is  believed  by  the  author  that 
an  arc  discharge  from  the  body  actually  bums  a  small 
hole  through  the  skin  due  to  the  very  great  current 
density. 

It  is  apparent  that  ESD  poses  a  threat  to  ail  sensitive 
electronic  equipment,  whether  enclosed  in  an  electronic 
machine  or  present  in  the  human  body  in  the  form  of  bi¬ 
omedical  implants.  Fortunately,  the  threat  may  be 
greatly  reduced  through  analysis,  design  and  test  of  sys¬ 
tems. 
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APPENDIX  A  —  POTENTIAL  AND  CHARGE  ON 
A  NONUNIFORMLY  SHAPED  BODY 

The  field  strength  at  the  surface  of  a  charged  con¬ 
ductor  is  geometry  dependent.  Figure  16  shows  a  charged 
body  on  the  left  with  a  nonuniform  surface  such  as  would 
be  the  case  of  a  person  with  an  appendage  of  relatively 
sharper  radius,  such  as  a  finger,  or  if  he  were  holding  a 
metallic  object  such  as  a  kev.  Charge  is  free  to  migrate 
from  point  to  point  on  the  surface.  The  surface  is  equipo- 
tential  in  the  static  case;  however,  the  electric  field  and 
surface  charge  density  will  be  more  intense  at  the  sharper 
radii.  It  will  be  shown  that  the  upper  limit  of  voltage  that 
can  be  sustained  on  the  human  body  is  approximately  30 
kV  based  upon  the  radius  of,  e.g.,  an  isolated  fingertip 
which  forms  a  hemisphere  with  a  radius  of  roughly  1  cm. 

The  body  on  the  left  may  be  simplified  by  compres¬ 
sing  the  neck  of  the  appendage  to  a  short,  very  small  di¬ 
ameter  conductive  wire  connecting  two  conducting 
spheres  of  unequal  radii  of  a  and  b,  respectively. 

Since  the  wire  length  is  held  to  a  small  length  equal 
to  the  approximate  length  of  the  neck,  the  potential  of 
the  system  will  not  be  appreciably  changed.  In  other 
words,  negligible  work  is  expended  in  the  charge  redistri¬ 
bution  process.  The  >"'C  spheres  are  at  the  same  potential 
V  -  \\  -  Vb.  The  potential  on  the  surface  of  an  isolated 
sphere  is 


4ie0  radius 

where  Q  is  the  charge  on  the  sphere  [9]  and  f0  is  the  per¬ 
mittivity  of  free  space  (or  air).  The  total  charge  on  the 
wire  is  held  negligible  since  it  is  relatively  small.  Also,  the 
spheres  are  assumed  to  have  a  negligible  effect  on  each 
other  since  sphere  radius  a  is  much  larger  than  sphere  ra¬ 
dius  u.  It  follows  that: 

4Te0a  4i«0b 

Since  radius  a  is  much  larger  than  radius  b,  Q,  is  much 
greater  than  Qb.  The  electric  field  at  the  surface  of  the 
sphere 

F  =  _ 3—  -  ± 

4xf0r2  e0 

is  derived  from  the  Gauss  law  of  electrostatics,  a  is  the 
surface  charge  density.  It  follows  that: 

=  Q,  -  ?m. 

*  4re0a2  co 
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E, 


Eb 


_ »  J2t 

4xe0b2  t0 


Since  E  =  V/r  for  a  sphere, 


Since  a  is  much  larger  than  b,  <rb,  the  surface  charge  den¬ 
sity  on  the  smaller  sphere  b,  is  much  larger  than  that  on 
the  larger  sphere  a.  From  the  rationship  E  =■=  a/t0,  it  fol¬ 
lows  that  the  electric  field  is  much  greater  at  the  surface 
of  the  smaller  sphere  than  that  at  the  larger  sphere  and  is 
inversely  proportional  to  the  radius. 


From  the  foregoing,  assuming  a  radius  of  a  typical  fairly 
uniform  appendage  such  as  a  fingertip  of  approximately 
1  cm,  and  considering  the  Corona  breakdown  of  the  elec¬ 
tric  field  E  =  3  *  106  V/m,  V  =  Er  =  30  kV.  If  the  body  of 
the  cylindrical  model  had  no  sharp  radii  appendages,  a 
much  higher  voltage  could  be  maintained  on  the  body. 
This  shows  the  importance  of  the  natural  body  append¬ 
age  or  added  conductor  to  the  body  such  as,  e.g.,  a  hand¬ 
held  object.  If  the  object  were,  e.g.,  a  key  with  a  radius 
of  1  mm,  the  highest  voltage  that  could  be  maintained 
would  be  3  kV.  Hence,  it  appears  reasonable  that  the 
highest  voltage  to  use  for  the  model  is  approximately  30 


Table  1 

Dischaige  Circuit  Characteristics 


Resistance— Ohms 

(1  Ohm  Resistivity  rt  2  GHi)  Inductance— Microhenries  at  2  GH^ 


Case 

Voltage 

kV 

Body 

Arm 

Finger 

Machine 

Total 

Circuit 

Body 

Arm 

Finger 

Machine 

Total  Capacitance 
Circuit  Picofarads 

1 

30 

11.3 

— 

- _ 

1 

12.3 

0  16 

0.16 

0.32 

240 

2 

30 

22.7 

211.7 

848 

1 

1083 

0.89 

0.27 

0.054 

0.16 

1.37 

246 

3 

30 

22J 

211.7 

843 

1 

1083 

0.89 

0.27 

0.054 

0.16 

1.37 

94 

4 

30 

22.7 

211.7 

848 

I06 

1C* 

0.89 

0.27 

0.054 

0.16 

1.37 

94 

5 

3 

22.7 

211.7 

848 

1 

1083 

0.89 

0.27 

0.054 

0.16 

1.37 

94 

6* 

30 

22.7 

211.7 

848 

l 

1083 

0.89 

0.27 

0.054 

0.16 

1.37 

69 

‘This  is  a  rerun  of  Case  4  in  reference  [2]  for  the  condition  of  no  ground  plane,  but  including  the  capacitance  from 
the  person  to  the  machine  through  earth. 
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TOP  VIEW 


Fig.  4  -  ESD  current  flow  through  a  human  body 


Fig.  5  -  Cylindrical  model  of  human  body  for  finger  or 
arm  discharge 
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CURRENT  PATH  LENGTH  -  ,  RADIUS 


Fig.  6  -  Cylindrical  model  of  human  body  for  midsection 
discharge 


DIAMETER -10.2  cm  (4") 


Fig.  7  -  Model  of  human  arm 


CROSS  SECTION  Or 
FINGER 


TISSUE  DIAMETER  -  1 .6  cm  (5/8") 
RESISTIVITY  OF  TISSUE  -  1  OHM-METER 


Fig.  8  -  Model  of  human  finger 


ARC  (SHORT  CIRCUIT) 


1  cm 


Fig.  9  -  Simplified  circuit  schematic 


VOLTAGE  VS-  TIME 


-SM.  99 


VOLTAGE  VS.  TIME 


Fig.  12  -  Case  3  —  contact  with  finger  —  person  standing 
away  from  low-impedance  machine 


CURRENT  VS.  TIME 


CHARGED 

CONDUCTOR 


Q,  +  Ob  ”  0 

v  *  v 

v,  vb 


V. 


SPHERE  SPHERE 

RADIUS  a  RADIUS  b 


Fig.  16  -  Potential  and  charge  on  nonuniformly  shaped 
body 
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ABSTRACT 

'Fast  electric  and  magnetic  field  changes 
produced  by  positive  ground  strokes  in  Japan 
were  recorded  with  the  output  of  a  slow  antenna. 
High  rate  of  positive  ground  flashes  was  re¬ 
corded  not  only  in  winter  but  also  in  spring, 
and  the  fraction  of  positive  ground  flashes  in 
a  storm  was  known  tc  correlate  with  the  radar 
echo  top  instead  of  the  vertical  wind  shear. 
The  characteristics  of  the  wave  shape  of  the 
fast  field  changes  of  a  positive  ground  flash 
and  the  difference  from  that  of  a  negative 
ground  stroke  is  stated,  and  the  possible  causes 
are  discussed. 


POSITIVE  GROUND  FLASHES  .hat  lower  positive 
charge  to  the  ground  have  drawn  attention  in 
recent  years.  They  are  few  in  summer ,  but  it 
is  known  that  about  half  of  the  ground  flashes 
are  positive  for  Japanese  winter  thunderstorms, 
and  they  are  also  not  rare  for  thunderstorms  in 
cold  regions  even  in  summer  (1)*.  It  is  natural 
that  lightning  parameters  of  those  positive 
flashes  may  be  different  from  those  of  negative 
flashes,  and  it  is  necessary  to  knew  about  them 
for  lightning  protection  or  warning  in  areas 
where  positive  flashes  frequently  occur. 

In  Japan,  lightning  current  is  observed  at 
tall  structures  in  winter  thunderstorm  areas 
(2);  however,  almost  all  those  ground  flashes 
that  strike  such  tail  structures  in  winter  are 
believed  upward  flashes,  and  their  lightning 
parameters  must  be  different  from  downward 
flashes.  The  authors  have  observed  fast  elec¬ 
tric  and  magnetic  field  changes  produced  by 
lightning  flashes  together  with  slow  electric 
field  changes.  The  aim  is  to  know  parameters 
of  positive  downward  flashes,  believed  to  be  the 
majority  of  the  positive  flashes,  details  of 


‘Numbers  in  parentheses  designate  References  at 
end  of  paper. 


which  have  not  yet  been  reported.  The  result 
of  the  observation  of  positive  flashes  in  all 
seasons  in  Japan,  comparing  them  with  fast  field 
changes  of  negative  flashes,  is  reported,  and  a 
possible  cause  of  the  difference  in  field 
changes  between  positive  and  negative  flashes  is 
discussed . 

MEASUREMENT 

Electric  field  was  measured  by  a  slow  an¬ 
tenna  and  a  fast  antenna  having  time  constants 
of  A. 2  s  and  5  ms  respectively.  Each  antenna 
was  a  hemisphere  with  the  diameter  of  27  cm  and 
was  lifted  about  1.5  m  from  the  ground.  They 
were  calibrated  using  a  VLF  broadcasting  signal 
(3).  The  highest  frequency  recorded  by  the 
fast  antenna  system  was  1  MHz.  Fast  magnetic 
field  change  was  measured  by  a  crossed-loop 
antenna  comprised  by  coaxial  cable  with  an 
active  integrater  (A)  having  the  time  constant 
of  1  ms.  The  step  response  of  this  system  was 
measured  by  injecting  rectangular  current  into 
a  nearby  wire  loop  as  seen  in  Fig.  1.  The 
above  trace  is  the  waveshape  of  the  injected 
current  and  the  bottom  is  the  output  of  the. 
integrater  showing  rise  time  of  0.3  /is  which 
means  that  the.  measurable  highest  frequency  was 
about  1  MHz. 

Fast  field  change  signals  were  digitized 
every  0.2  /is  with  the  resolution  of  8  bits  and 
the  length  of  2  K V,  and  was  recorded  by  a  floppy 
disc.  The  system  was  triggered  by  the  magnetic 
field  changes,  so  usually  the  field  change 
caused  by  a  lirst  stroke  was  recorded.  From 
the  end  of  1982,  the  resolution  was  improved  to 
10  bits  and  up  to  7  electric  field  changes  of 
subsequent  strokes  were  made  possible  to  record. 
Slow  electric  field  changes  and  the  trigger 
signal  of  the  fast  field  system  were  recorded  by 
an  analog  data  recorder  with  the  frequency  range 
from  DC  to  2  kHz.  The  distance  between  the 
recording  site  and  the  lightning  flash  was  esti¬ 
mated  from  the  wave  shape  of  field  changes, 
direction  and  the  radar  echo. 

It  was  reported  that  there  exist  fast, 
components  with  rise  times  of  less  than  0,1  /is 
in  the  field  changes  produced  by  lightning  (5), 
and  si  oh  very  fast  field  changer  could  not  be 


recorded  in  our  measuring  system.  Fig.  2(a)  is  decaying  stage  of  severe  thunderstorms  (8)  (9). 

electric  field  change  for  a  first  negative  re-  The  positive  flashes  observed  by  the  authors  in 

turn  stroke  at  the  distance  of  about  15  km,  and  winter  and  spring  are  believed  to  belong  to  the 

Fig.  2(b)  is  the  one  at  about  50  km,  both  first  type,  and  those  observed  in  August  are 

recorded  at  Tokyo  propagating  over  land.  Lit-  believed  second  type,  as  the  ratio  of  positive 

tie  difference  is  seen  in  the  high  frequency  flashes  to  the  total  is  3.6%  and  they  did  not 

component  of  these  figures,  and  it  is  also  clear  occur  randomely  but  in  groups. 

that  the  waveshapes  were  not  affected  by  the  To  check  the  hypothesis  of  the  tilted 

response  of  the  recording  system.  Thus  it  is  dipole,  the  correlation  between  the  wind  shear 

known  that  in  the  waveshapes  propagated  more  and  the  rate  of  positive  flashes  was  examined 

than  about  15  km  over  land,  high  frequency  for  thunderstorms  from  May  to  July  in  Tokyo 

component  higher  than  0.5  MHz  is  almost  lost,  area.  The  wind  shear  was  based  on  the  data 

and  lower  frequency  is  hardly  attenuated  up  to  available  twice  n  day  from  the  meteorological 

about  the  distance  of  50  km  in  Tokyo  area.  observatory,  and  was  defined  here  as  the  differ- 

This  is  the  same  tendency  as  the  observation  at  ence  of  the  wind  speed  at  the  cloud  base  and  the 

Florida  (6).  From  this  result,  the  discussion  altitude  of  the  radar  echo  top  normalized  by  the 

on  the  fine  structure  of  field  changes  in  this  distance  between  these  two  altitudes.  The 

paper  was  decided  to  be  based  on  the  data  of  result  is  shown  in  Fig.  3  which  shows  poor 

ground  flashes  at  the  distance  of  about  15  to  60  correlation  with  the  correlation  coefficient  of 

km.  In  Niigata  area,  high  frequency  component  0.33.  The  dotted  line  in  Fig.  3  is  the  regres- 

was  more  attenuated  for  some  field  changes  sion  line  adopted  from  ref.  (1). 

propagated  about  50  km  over  mountainous  region,  It  was  common  in  the  thunderstorms  of  the 

which  were  eliminated  from  our  statistics  of  first  type  that  the  temperature  at  the  ground 

leader  activity.  was  relatively  low,  resulting  the  altitudes  of 

the  freezing  level  were  also  low.  For  the 
RATIO  OF  POSITIVE  GROUND  FLASHES  same  thunderstorms  of  Fig.  3,  correlation  be¬ 
tween  the  radar  echo  top  and  the  rate  of 

Numbers  of  clearly  recorded  flashes  in  each  positive  flashes  was  examined  and  the  result  is 

season  at  Niigata  and  Tokyo  are  shown  in  Table  shown  in  Fig.  4.  Strong  negative  correlation 

1.  Few  negative  ground  flashes  were  recorded  exists,  and  it  is  known  that  the  rate  of  posi- 

at  Niigata  in  winter,  and  the  majority  was  also  t.ive  flashes  reduced  with  increasing  height  of 

positive  in  spring  at  Tokyo.  On  the  contrary,  the  radar  echo  top.  The  correlation  coefficient 

almost  all  ground  flashes  in  August  were  nega-  was  -0.76.  This  suggests  that  the  low  altitude 

tive  at  Tokyo.  Among  about  1000  clear  records  of  the  positive  charge  center  is  significant  for 

of  ground  flashes  from  winter  to  summer,  25%  the  occurrence  of  the  high  rate  of  positive 

were  positive.  Most  of  the  thunderstorms  in  flashes,  which  seems  also  true  for  the  second 

winter  and  spring  were  frontal.  type  thunder  clouds. 

The  unusual  high  rate  of  positive  ground  In  Table  2  are  shown  parameters  for  several 

flashes  was  reported  for  Japanese  winter  and  thunderstorms  from  May  to  July  in  Tokyo  area. 

Swedish  summer  thunderstorms  (7),  and  it  was  Distinct  changes  in  the  ratio  of  positive 

proposed  that  this  was  caused  by  strong  vertical  flashes  to  the  total  are  seen  from  storm  to 

wind  shear  making  the  dipole  in  the  thundercloud  storm.  The  freezing  level  itself  does  not  show 

tilt  (1).  Another  type,  denoted  'second  type'  correlation  with  this  ratio, 

here,  of  the  source  of  positive  flashes  is  the 


Table  1  -  Numbers  of  Recorded  Flashes 


Period 

Ground 

+ 

Flashes 

Cloud  Flashes 

Unidentified 

Total 

Dec. ’81-Mar. '82 

42 

1 

32 

2 

77 

Dec. ’82-Feb. ’83 

89 

24 

55 

7 

175 

May  ’82 

33 

3 

5 

3 

44 

June  ’82 

13 

75 

27 

1/ 

132 

July  ’82 

58 

196 

42 

8 

304 

Aug.  ’82 

17 

453 

4 

1 

475 

82-2 


Table  2  -  Parameters  of  Thunderstorms 
in  Tokyo  Area  (1982) 


Table  3  -  Averaged  Rise  Times  of  Field  Change 
for  First  Return  Strokes 


Numbers  of 

Wind  Shear 

Maximum 

0°C 

Flash 

Radar  Echo 

Isotherm 

+ 

(m/s/km) 

Top  (km) 

(km) 

30 

2 

4.7 

6.5 

3.4 

0 

34 

1.2 

12.0 

3.5 

5 

19 

1.2 

9.0 

4.0 

13 

2 

1.5 

8.0 

4.4 

2 

88 

2.6 

12.0 

4.4 

(a)  10-90%  Rise  Time 


Polarity 

Rise  Time 
(us) 

Number  of 
Data 

Niigata 

82  Dec. -'83  Feb. 

+ 

8.7 

32 

- 

3.9 

8 

Tokyo 

+ 

7.2 

42 

82  May  -  Jul. 

- 

3.6 

60 

FINE  STRUCTURES 

Marked  difference  in  the  field  changes  of 
positive  first  return  strokes  from  negative  is 
that  many  positive  strokes  showed  no  activities 
caused  by  the  leader  propagation.  Another 

characteristics  is  that  the  period  of  gradual 
rise  before  the  fast  transition  in  the  beginning 
of  positive'  first  return  stroke,  denoted  'slow 
front'  in  ref.  (10),  is  rather  long.  Fig. 
5(a)  is  the  typical  electric  field  produced  by 
a  positive  first  return  stroke  with  no  leader 
activity.  The  other  typical  waveshape  is  Fig. 
5(b)  showing  leader  activity  similar  to  those  of 
negative  ground  flashes  reported  earlier  (11). 
There  also  existed  waveshapes  in  which  no  activ¬ 
ity  of  leader  pulse  was  seen  except  the  leader- 
like  pulses  superposing  on  the  beginning  of  the 
slow  front.  For  the  present,  we  do  not  regard 
these  superposing  pulses  as  the  leader  activity. 

In  the  discussion  of  fine  structures  of 


(b)  Zero-peak  Rise  Tima 


Polarity 

Rise  Time 
(us) 

Number  of 
Data 

Niigata 

+ 

23.3 

24 

'82  Dec. -’83  Feb. 

- 

7.5 

8 

Rust  (12) 

+ 

6.9 

31 

strokes  was  about 

twice  of 

the  negative. 

This 

characteristic  was 

further 

enhanced  in 

the 

'  slow 

front'.  Table  3(b)  is  the  average  of  zero  to 
peak  rise  times  in  each  polarity.  This  value 
for  positive  first  return  strokes  is  three  times 
as  long  as  negative,  resulting  from  the  differ¬ 
ence  in  the  slow  front.  Another  data  for 
summer  thunderstorms  (12)  shown  in  the  table  is 


field  changes,  waveform  distortion  caused  by  the 
propagation  and  the  recording  system  should 
always  be  kept  in  mind.  The  fast  transitions 
of  recorded  negative  return  strokes  within  about 
50  km  were  between  0.4  and  1.4  ys .  The  actual 
time  of  fast  transition  may  be  less  than  0,2  /is 
(10),  and  the  elongation  of  the  recorded  fast 
transition  is  supposed  due  to  the  propagation 
over  land.  Thus  for  slower  phenomena  takes 
more  than  2  /is,  the  influence  of  the  waveiorm 
distortion  becomes  negligible. 

In  Table  3(a)  Is  summarized  the  10-90%  rise 
times  of  first  return  stroke  fields  in  each 
polarity.  The  data  were  consistent  in  all 
seasons  and  the  rise  time  of  positive  return 


supposed  to  correspond  to  10-90%  rise  time  due 
to  the  poor  S/N  ratio. 

The  long  slow  front  is  not  observed  in 
laboratory  long  spark  and  the  mechanism  is  not 
clear,  but  the  difference  between  positive  and 
negaitve  return  strokes  must  come  from  the  dif¬ 
ference  of  the  leader  polarity,  downward  or 
upward.  Following  the  slow  front,  fast  transi¬ 
tion  similar  to  negative  strokes  occurs  as  seen 
in  Fig.  5.  Concerning  the  positive  subsequent 
strokes,  few  data  are  available  and  will  be 
discussed  in  the  next  chapter- 

Table  4  shows  the  percentages  of  the  exis¬ 
tence  of  the  leader  activity  at  first  return 
strokes.  The  leader  pulse  is  susceptible  to 


Table  4  -  Existence  of  the  Leader  Pulses  before  First  Return  Strokes 


„  ,  ,  Leader  Pulse  No  Leader 

Polarity 


Niigata 

’82  Dec. -’83  Feb. 


Percentage 
of  the  Existence 
of  Leader  Pulses 


Tokyo 

’82  May  -  July 


the  waveform  distortion  by  propagation  and  vari¬ 
ous  noise.  Therefore,  the  field  change  records 
used  in  Table  4  are  limited  to  those  suffering 
from  small  distortion  and  noise,  .nd  the  number 
of  data  is  reduced  from  Table  3.  In  spite  of 
this  selection,  leader  pulses  having  the.  ampli¬ 
tude  of  less  than  1%  of  the  associated  return 
stroke  peak  could  no  longer  be  distinguished 
from  noise,  which  may  result  lower  than  real 
percentage  of  the  existence  of  leader  pulses. 
But  in  Table  4,  distinct  difference  is  seen 
between  the  positive  and  negative  strokes.  All 
the  negative  first  return  strokes  were  associ¬ 
ated  with  leader  pulses,  whereas  they  were 
observed  at  only  about  30%  of  the  positive  ones. 
This  means  that  the  majority  of  the  positive 
downward  leaders  propagate  continuously. 

Table  3  shows  the  averages  of  the  largest 
leader  amplitude  divided  by  the  associated  re¬ 
turn  stroke  peak.  For  pulses  with  small  ampli¬ 
tudes,  digitizing  error  becomes  significant,  and 
pulses  with  the  amplitudes  within  3  digits  were 
eliminated  from  Table  5,  which  further  reduced 
the  number  nf  the  data  and  made  the  averaged 
amplitude  of  positive  leader  pulse  larger.  The 
difference  between  positive  and  negative  is  not 
so  remarkable  as  in  Table  4,  but  the  averaged 
amplitude  of  the  positive  leader  pulse  is 
smaller  chan  the  negative.  The  largest  ampli¬ 
tude  of  positive  leader  pulse  was  22%  of  the 
return  stroke  peak,  about  the  same  level  as  the 
negative  leader. 

Fig.  6  is  the  time  interval  between  posi¬ 
tive  leader  pulses  observed  at  Niigata  in  win¬ 
ter.  Influence  of  various  errors  are  small  in 
this  data.  This  result  is  similar  to  those  of 
negative  leaders  observed  in  Florida  (11). 

The  most  distinct  difference  in  the  field 
changes  of  positive  and  negative  first  return 
strokes  is  the  activity  of  leader  pulses.  At 
laboratory  long  sparks,  the  positive  leader  may 
propagate  continuously  or  stepwise,  depending  on 
the  applied  impulse  voltage  waveshape  and  the 
absolute  humidity  (13) .  The  negative  leader 
always  propagates  stepwise  because  of  the  mecha¬ 
nism  of  its  extension  (14).  These  characteris¬ 
tics  seems  qualitatively  common  in  the  propaga¬ 
tion  of  lightning  downward  leaders.  For  the 
positive  long  gap  discharge  in  the  laboratory, 
the  applied  impulse  voltage  controls  the  leader 
Lip  potential,  which  decides  the  propagation  of 
the  positive  leader  whether  continuous  or  step¬ 


Table  5  -  Averaged 

Lar  est 

Leader  Pulse 

Amplitude 

Divided  by  the  Associated 

Return  Stroke 

Peak 

Polarity 

Amplitude 

Number  of 

data 

Niigata 

+ 

0.08 

9 

’82  Dec. -’83  Feb. 

- 

0.12 

2 

Tokyo 

+ 

0.05 

4 

'82  May  -  Jul. 

0.11 

14 

wise.  In  the  lightning  positive  leader,  the 
mode  of  the  propagation  is  supposed  also  con¬ 
trolled  by  the  leader  tip  potential,  which  may 
be  influenced  by  the  charge  transportation, 
leader  conductivity  and  so  on.  So  It  is  quite 
natural  that  the  activity  of  field  changes  of 
lightning  leaders  considerably  differ  according 
to  their  polarities. 

MULTIPLE  FLASHES 

Observed  multiplicity  of  positive  ground 
flashes  was  low  in  all  seasons  as  was  reported 
for  summer  thunderstorms  (15).  The  maximum 
multiplicity  in  winter  observed  at  Niigata  using 
a  magnetic  dirctior  finding  system  (16)  was  3, 
but  only  2  field  changa  records  of  positive 
flashes  with  the  multiplicity  of  2  are  available 
for  the  present.  The  electric  field  changes 
shown  in  Fig.  7  is  similar  to  negative  multiple 
flashes  both  in  slow’  and  fast  field.  The  first 
stroka  shows  leader  activity,  and  the  rise  time 
of  the  subsequent  sLroke  is  faster  than  the 
first  stroke.  The  amplitude  of  fast  field 
change  for  the  subsequent  stroke  is  40%  of  the 
first. 

The  flash  shown  in  Fig.  8  is  somewhat 
different.  In  the  slow  electric  field,  first 
return  stroke  preceded  by  the  leader  is  clearly 
seen.  The  second  stroke  is  difficult  to  iden¬ 
tify  from  the  slow  field  only,  and  we  knew  it 
from  the  data  of  the  recording  system  of  fast 
field  changes.  So  it  is  difficult  to  know  the 
multiplicity  of  positive  flashes  from  the  slow 
field  change  only.  The  second  stroke  in  Fig. 
8  also  seems  to  be  preceded  by  the  leader,  but 
the  direction  of  the  leader  field  change  is 
opposite  to  the  first  stro>"».  If  the  stroke 
channel  of  the  first  and  sec  'nd  were  same,  the 
first  stroke  was  initiated  by  an  upward  leader. 
But  in  the  fast  field  changes,  the  rise  times 
were  7.9  and  7 .2  jis  for  the  first  and  the  second 
stroke  respectively,  and  the  amplitudes  were 
about  the  same.  The  waveshapes  after  the  main 
peaks  were  somewhat  different,  which  may  indi¬ 
cate  that  these  two  strokes  had  different  return 
stroke  channels.  So  there  exists  the  possibil¬ 
ity  that  these  two  positive  return  strokes  were 
individual  single  strokes. 

As  stated  above,  the  interpretation  of  Fig. 
8  is  not  clear.  The  number  of  ground  flashes 
recorded  by  the  magnetic  direction  finding  sys¬ 
tem  with  the  nominal  range  of  200  km  was  17  in 
20  minutes  around  the  time  of  the  flash  of  Fig. 
8.  The  interval  between  these  two  strokes  was 
194.2  ms.  Considering  such  low  flash  rate  and 
the  time  interval  it  is  unlikely  that  these 
strokes  were  two  individual  single  strokes. 
The  relatively  long  interval  between  the  two 
strokes  or  different  channel  might  explain  the 
waveshape  of  the  second  stroke. 

SUMMARY 

1.  The  ratio  of  positive  ground  flashes  to 
total  ground  flashes  in  a  storm  varies  according 


to  the  season  in  Japan.  In  winter  and  spring, 
high  rate  of  positive  flashes  were  observed  and 
in  summer,  most  of  the  ground  flashes  were 
negative.  In  spring,  the  ratio  had  strong 
negative  correlation  with  the  altitudes  of  the 
radar  echo  top,  whereas  poor  correlation  with 
the  vertical  wind  shear  was  seen. 

2.  About  250  fast  field  changes  of  positive 
return  strokes  were  recorded  with  the  frequency 
range  of  up  to  1  MHz.  Typical  waveshapes  are 
presented,  and  the  rise  time  of  the  main  pulse 
was  known  to  be  about  twice  of  the  negative 
stroke.  The  'slow  front'  was  about  3  times. 

No  seasonal  variation  was  observed  in  the  fast 
field  changes. 

3.  In  the  fast  field  records,  only  about 
30%  of  positive  first  return  strokes  were  pre¬ 
ceded  by  the  leader  pulses.  This  means  that 
the  majority  of  the  positive  leader  propagates 
continuously  to  downward.  The  average  of  the 
amplitudes  of  positive  leader  pulses  are  small 
compared  with  negative.  The  intervals  between 
pulses  were  about  the  same  as  the  negative. 
These  are  qualitatively  explained  from  the  char¬ 
acteristics  of  leaders  in  long  laboratory 
sparks . 

4.  Both  multiple  flashes  and  multiplicity 
in  positive  ground  flashes  were  small  in  number 
in  all  seasons.  One  example  comprised  two 
return  strokes  showed  similar  characteristics  to 
a  negative  multiple  flash. 
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Fig.  1  -  The  response  of  the  magnetic  field  mea¬ 
surement  system 

(a)  current  waveform  producing  input  magnetic 
field 

(b)  output  of  the  system 


0  40  80  us 

Fig.  2  -  Electric  field  waveforms  for  leader 
steps  and  associated  negative  return  strokes 
at  about  15  km  (a)  and  50  km(b) 
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Fig,  .3  -  Plot  of  the  rate  of  positive  flashes 
versus  win!  shear  in  the  cloud 
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Fig.  4  -  Correlation  between  the  rate  of  posi¬ 
tive  flashes  and  highest  radar  echo  tops 
(r:  coefficient  of  correlation) 
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Fig.  5  -  Typical  electric  field  waveforms  of 
positive  first  return  strokes 
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Fig.  6  -  Histogram  of  the  time  intervals  between 
leader  pulses  before  positive  first  return 
strokes 
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Fig.  7  -  Electric  field  changes  due  to  a  posi¬ 
tive  multiple  flash  on  Jan.  26,  1983 

(a)  output  of  a  slow  antenna 

(b)  electric  field  change  of  first  return 
stroke  (Ri) 

(c)  field  of  subsequent  stroke  (R2) 
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Fig.  8  -  Electric  field  changes  due  to  a  posi¬ 
tive  multiple  flash  on  Feb.  6,  1983 

(a)  output  of  a  slow  antenna 

(b)  electric  field  change  of  first  return 
stroke  (Ri) 

(c)  field  of  subsequent  stroke  (R2) 


ON  THE  OSCILLATING  BIPOLAR  RETURN  STROKE  CURRENT 
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ABSTRACT 

Oscillating  bipolar  field  changes  due  to  nearby  lightning  return  strokes 
(up  to  25  km  distance)  were  sometimes  recorded  during  winter  thunderst orms  in 
Japan  together  with  ordinary  unipolar  field  changes  as  recorded  in  summer 
thunderstorms.  In  order  to  understand  the  reason  for  the  appearance  of  an 
oscillating  field  change,  we  calculated  the  return  stroke  current  along  a 
lightning  channel  with  a  transmission  Hue  model.  The  calculation  shows 
that  the  return  stroke  current  oscillates  because  of  the  relatively  small 
volume  of  the  winter  thundercloud- 
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IT  IS  GENERALLY  BELIEVED  that  the  change 
in  sign  of  the  electric  field  from  a 
distant  return  stroke,  called  a  bipolar 
field  change  in  this  paper,  is  due  to 
the  predominant  radiation  component. 
However,  in  winter  thunderstorms  oscil¬ 
lating  bipolar  field  changes  due  to  re¬ 
turn  strokes  in  very  nearby  region  were 
often  recorded  (1)*.  Weidman  and  Krider 

(2)*  reported  unipolar  oscillating  field 
changes.  They  suggested  that  the  oscil¬ 
lating  components  were  produced  by  a  re¬ 
flection  current  at  channel  branches.  It 
is  difficult  to  understand  how  oscil¬ 
lating  bipolar  field  changes  could  be 
caused  by  reflections  from  branches.  An 
aperiodic  bipolar  current  was  measured  by 
Kuse  in  the  lighting  to  a  high  tower (3)*. 
Accordingly  we  must  discard  the  idea  that 
the  lightning  current  is  always  unipolar, 
i.e.,  direct  current.  In  order  to  under¬ 
stand  the  oscillating  bipolar  field 
change,  we  calculate  the  return  stroke 
current  with  a  transmission  line  model 
and  also  calculate  the  electric  field 
changes  associated  with  the  current. 

OBSERVATION  SITES  AND  INSTRUMENTATION 
The  electric  field  changes  of 
winter  thunderstorms  for  the  discussion 
herein  were  recorded  since  1979  in  the 
Hokuriku  area  with  a  fast  antenna  system. 

The  block  diagram  of  the  field 
change  recorder  system  is  shown  in  Fig.l. 
The  upper  part  of  the  Figure  is  called  a 
slow  antenna,  frequency  range  from  0.016 
Hz  to  1  kHz,  and  the  lower  part  a  fast 
antenna,  160  Hz  to  1  MHz. 

The  field  changes  due  to  lightning 
discharges  are  detected  with  30  cm  dia¬ 
meter  disks  which  are  placed  at  about  50 
cm  from  the  ground.  The  signals  from  the 
disks  are  fed  into  the  slow  and  the  fast 
antenna.  For  the  details  of  the  system, 
see  Takeuti  et  al.  (4)*. 

Time  response  of  the  fast  antenna 
system  was  checked  by  the  following  way. 

A  1  kHz  square  wave  with  rise  time  of 
about  50  ns.  was  fed  into  the  antenna 
input,  a  in  Fig.l.  The  output  signals 
from  the  amplifier,  b  in  Fig.l,  and  from 
the  modified  VTR,  video  taperecorder ,  c 
in  Fig.l,  were  recorded  by  photographing 
the  displays  on  a  oscilloscope.  These 

(1)  Takeuti  et  al, ,  6th  International 
Conf.  on  Atmospheric  Electr ., Manchester , 
England, 1980 

(2)  Weidman  et  al.,  J.G.R.,83,  6239- 
6247,1978 

(3)  Huse ,  personal  communication,  1978 

(4)  Takeuti  et  al . ,J. G . R. , 83 , 2385-2394 
19  78 


results  are  shown  in  Fig. 2.  Response 
times  of  both  output  signals  shown  in  (b) 
and_  (c)  are  less  than  0.3  ^is .  It  is 
obvious  from  Fig. 2  that  the  electronics 
did  not  produce  the  oscillating  waveform 
in  the  frequency  range  10  kHz  to  100  kHz, 
that  is,  the  oscillation  frequency  range 
of  the  field  changes  due  to  the  return 
strokes  discussed  here.  We  checked 
further  that  an  oscillating  wave  was  not 
produced,  even  if  a  surpassing  input 
signal  were  applied.  Therefore  the 
instrument  itself  did  not  cause  the 
oscillating  waveforms  discussed  here. 

DATA 

Examples  of  the  electric  field 
change  due  to  a  negative  ground  flash  and 
a  positive  one  are  shown  in  Fig. 3  and 
Fig. 4  respectively.  In  both  figures  (A) 
shows  the  field  changes  recorded  by  the 
slow  antenna.  L  denotes  the  beginning  of 
the  leader  stroke  and  R  the  return  stroke 
The  waveforms  from  (B)  to  (D)  were  re¬ 
corded  by  the  fast  antenna.  Time  ex¬ 
pansions  of  (B)  are  given  in  (C)  and  (D) . 
(D)  in  Fig. 4  shows  the  oscillating  bi¬ 
polar  field  change.  Other  examples  of 
oscillating  bipolar  field  changes  due  to 
return  strokes  are  shown  in  Fig. 5. 

RETURN  STROKE  MODEL 

Many  models  of  the  return  stroke 
channel  have  been  proposed  to  calculate 
the  lightning  return  stroke  current.  In 
the  lumped  circuit  model  composed  of 
inductance,  resistance  and  capacitance 
the  current  can  be  very  easily  calculated 
There  are  other  models  such  as  a  lumped 
parameter  ladder  network  model  (5)*,  a 
wave  guide  model  (6)*,  and  a  model  that 
the  lightning  current  is  composed  of  a 
breakdown  pulse  current,  a  uniform 
current,  and  corona  current  (7)*. 

We  use  a  model  in  which  the  main 
discharge  channel  is  represented  by  a 
transmission  line  terminated  in  the 
thundercloud  with  a  capacitance.  This 
capacitance  supplies  charge  to  the 
channel.  The  channel  is  terminated  at  the 
ground  with  a  resistance.  We  compute  the 
current  using  this  model.  On  the  trans¬ 
mission  line  model,  refer  the  papers  by 
Oetzel  (8)*and  Price  and  Pierce  (9)*. 

(5)  Little,  J.  Phys.  D, 11, 1893-1910, 1978 

(6)  Vol land ,  J .A.T . P ., 43 , 191-204 , 1981 

(7)  Lin  et  al. ,  J.G.R.,  85,1571-1583,1980 

(8)  Oetzel,  J.G.R.,  73,  1889-1896,  1968 

(9)  Price  et  al., Radio  Science, 12-3 , 
381-388,1977 
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F'ig.6  shows  a  model  of  the  leader  stroke 
and  charged  region  in  the  thundercloud. 
An  upper  sphere  with  radius  a  represents 
the  charged  .region  of  cloud.  This  ap¬ 
proximates  the  actual  situation  in  a 
thundercloud  of  many  branched  channels. 
We  define  the  radius  such  that  its 
capacity  relative  to  the  ground  equals 
the  total  capacity  of  many  branched 
channels  in  the  actual  cloud.  From  the 
charged  sphere,  a  leader  stroke  progress 
straight  and  vertically  toward  the 
ground.  1  in  Fig. 6  indicates  final  step 
length  of^the  leader  channel.  The  con¬ 
necting  leader  stroke  from  the  ground  is 
neglected.  1+1  indicates  th  .  height  of 
lightning  chSnnll. 

This  model  is  shown  in  (A)  of  Fig. 
7.  The  capacity  of  a  charged  spher^,  c. , 
is  given  by  c.=4 T»E<,a (1-k+k  )  / ( 1— k)  “  1 

where  c^is  the  permittivity  of  free 
space  and  k=a/2h,  h  being  the  center 
height  of  the  sphere  (10)*.  The  line  is 
held  at  uniform  potential  V  by  the 
charges  in  the  thundercloud°and  in  the 
leader  channel.  The  return  stroke  is 


formed  by  switching  S  on.  The  lumped 
capacitance  of  the  charged  sphere  C,  can 
be  replaced  by  an  equivalent  transmission 
line  in  which  the  line  capacitance  is  C. 
and  the  line  inductance  L.  is  very  small. 
Then  the  propagation  time^T  and  the 
surge  impedance  Z..  of  the  equivalent 
line  are  given  by  T. = (L. C. )  7 ^  and 
Z1=(Li/ci)  '  ,  so  that  2  =T  /C,.  The 
accuracy^of  this  approximationincreases 
with  decreasing  L. ,  and  hence  decreasing 
T^  and  Z  (11)*.  We  found  that 
T^=Z  C_ /15  gives  a  good  approximation  to 
tne  current  waveform,  where  Z  is  the 
surge  impedance  of  the  lightning  channel. 


The  surqe  impedance,  Z  ,  is  :gtermined 
by  Z  =  [  (R_+i._vL  ) /(G  +9<-0  C  )  ]  7  where 

P  i?  the^channel  resistance  per  unit 
length,  oo  the  angular  frequency,  L  and 
C  the  inductance  and  capacitance  8f  the 
channel  per  unit  length  respectively, 

G  the  leakage  conductance  per  unit 
length.  GQ=0  in  this  model.  We  assume  a 
distortionless  line  in  the  calculation 
as  a  f irst^approximation ,  because 

( L^C^)  ^  %'2L0  is  less  than  unity  (12?". 


(10)  Takayama,  Electromagnetic  phenome¬ 
non  theory,  (in  Japanese)  147,  Maruzen 
Press,  Japan,  1973. 

(11)  Sekine,  Analytical  theory  of  the 
electric  power  system,  (in  Japanese) 
388-392,  Denkisyoin  Press,  Japan, 1975. 

(12)  Moriwaki,  Calculation  method  on 
transient  phenomena,  (in  Japanese) , 
350-360,  Syoukohdo  Press,  Japan,  1952. 


For  the  distortionless  line,  the  surge 

impedance  is?independent  of  oj  and 

Z  =  (L  /C  )1'  .  Assuming  that  the  channel 

i§  cy?in8rical  conductor,  L  and  C  are 
,  o  o 

given  by 


where/^ois  the  permeability  of  free 
space  and  r  the  radius  of  return  stroke 
channel.  In  (A)  of  Fig. 7,  when  the 
swithch  S  is  turned  on  at  t=0 ,  the 
current  I  =V  /(Z  +Rg)  flows  into  the 
transmiss?on°lin§  from  its  sendingend. 
The  equivalent  circuit  at  t=0  is  shown 
in  (B)  of  Fig. 7. 

RESULTS  OF  CALCULATION 

LIGHTNING  CURRENTS-In  order  to 
obtain  the  discharge  current  from  the 
transmission  line,  we  used  lattice 
diagram  method  (See  Fig. 8).  Since 
1  (L  Cq) /2L  is  less  than  unity 
iR  tfie°preseRt  s?udy,  a  damping  factor, 
R  /2L  ,  is  added  to  lossless  solution 
(?2) .°The  current  at  x  and  t  in  Fig. 8 
is  calculated  using 


I(x,t)  =  (I1+I2)exp[(-R0/2L0)  t.J 
=(l+b1)Ioexp((-Ro/2Lo)t]  (3) 

Fig  .9  shews  the  ;ompuced  current  pulses 
at  the  ground,  tne  middle  point  of  the 
channel,  and  the  top.  We  used  1  =4  km, 

1  =50  m,  r=3  cm,  a=100m,  R=100c  ^ , 
Rg=0.08  i5B/m,  V  =5  MV  as  typical 
vSlues  for  a  ground  stroke  in  winter. 
Using  the  above  values  we  find  that 
L  =2 . 50  /MH/m,  C  -y.87  pF/m,  z  =503  Ohm, 
aRd  that  the  propagation  vel8city  of 
the  current  along  the  channel  is 
V  =2.01x10°  m/s.  Ordinarily  the 
lightning  current  decreases  remarkably 
withn  2n0  /^s,  because  the  channel 
resistance  increases  due  to  recombi¬ 
nation  of  electrons  and  ions.  Ac¬ 
cordingly,  the  following  discussion  is 
limited  to  times  less  than  200  /( s .  The 
current  wave  forms  shown  in  Fig  9  seem 
to  be  somewhat  different  from  the 
actual  current.  The  computed  waveforms 
have  overly  steep  changes  and  pulses. 
This  is  caused  by  the  step  function 
inflow  current  and  the  approximation  by 
step  functions  for  reflected  waves  at 


the  receiving  end.  These  artifacts  of  the 
calculation  should  therefore  be  neglected. 
It  is  seen  iu  Fig. 9  that  the  current 
pulse  propagates  upward  and  reflectes 
from  the  cloud.  The  reflected  downward 
currents  are  furthermore  partly  re¬ 
flected  again  at  the  ground.  The  ampli¬ 
tude  of  current  gradually  decreases 
because  of  channel  resistance  and  mis¬ 
matching.  We  do  not  consider  in  Fig . 9  the 
effect  of  increasing  channel  resistance 
with  time  by  the  recombination  of  ions 
and  electrons  so  that  the  actual  current 
should  decrease  more  rapidly  than  the 
current  shown  in  Fig. 9.  Fig. 10  shews  the 
current  pulse  with  .">  =  3  km  and  all  other 
parameters  remaing  the  same.  It  is  seen 
by  comparsion  between  Fig. 9  and  Fig. 10 
that  the  oscillation  frequency  of  the 
current  decreases  with  increasing  radius 
a.  In  the  case  cf  Fig.  10,  assumed  to  be 
a  typical  summer  discharge,  the  current 
at  ground  crosses  the  base  line,  that  is, 
changes  polarity,  at  about  160  /Is.  The 
channel  resistance  is  very  high  by  this 
time  in  actual  lightning,  which  nearly 
dissipates  the  current.  This  is  apparent¬ 
ly  why  most  observed  currents  are  di¬ 
rectional  ones. 

ELECTRIC  FIELD  CHANGES-If  current 
i(z,t) ,  where  z  is  height  from  ground 
and  t  time,  flows  from  the  ground  into 
a  linear  vertical  channel  on  the  ground, 
the  vertical  electric  field  change  E (D , t) 
on  the  ground,  assumed  to  be  a  perfect 
conductor  at  a  distance  D  from  the  bottom 
of  the  channel,  is  given  by  Uman  et  al. 
(13)*  as 


1  (rH  2-sin2£Vt 

E(D,t)= - I  - *? - I  i  [z,I- (r/c)  ]dldz 

4T\t.i'0  r  -*0 


j-H  2-3sin2(9 

+/  - sr -  i  [  z ,  t-  (r/c)  ]  dz 

^0  ci- 


H  sin^>  3i  [z,  t-  (r/c)  J 

- - 5— - dz  (4) 

v0  c  r  9  t 

where  H  is  the  length  of  the  .lightning 
channel  (=1  +1  ) ,  r=(z  +D  )  '  ,  and 

9  =  -tan*,c(D/ab  . 

(13)  Uman  et  al. ,J.G.R. ,80,373-376,197? 


Field  changes  at  D=5,10,20  km  are  calcu¬ 
lated  by  Eq . 4  using  the  currents  calcu¬ 
lated  with  the  above  transmission  line 
model  for  a=0.1  km  and  3  km.  In  the 
calculation  process,  the  current  values 
are  used  at  100  m  height  intervals.  The 
results  are  shown  in  Fig. 11  and  12.  In 
the  Figures,  very  steep  pulses  are  caused 
by  the  calculating  process,  and  should 
be  ignored.  We  see  the  oscillating  bi¬ 
polar  field  changes  at  D=10  km  and  20  km 
in  Fig. 11,  but  not  see  in  Fig. 12. 

Table  1  indicates  the  occurrence  of 
oscillating  bipolar  field  changes  as  a 
function  of  the  radius  of  charged  sphere, 
a,  and  the  distance  from  lightning 
channel,  D.  It  .is  clear  from  Table  1 
that  the  oscillating  bipolar  field 
changes  appear  in  the  case  of  very  small 
radius,  that  is,  less  than  0.2  km  for 
D=10  km  and  2  km  for  D=20  km. 

DISCUSSION 

It  is  believed  that  oscillating  bi¬ 
polar  electric  field  changes  are  only 
observed  at  distance  more  than  about  50 
km  where  the  radiation  field  is  predomi¬ 
nant.  However,  we  have  observed  oscil¬ 
lating  changes  within  25  km  in  winter 
thunderstorms.  The  oscillating  field 
changes  due  to  close  lightning  return 
strokes  were  observed  both  positive  and 
negative  lightnings.  However  at  first, 
let  us  discuss  on  positive  lightning. 
Table  2  is  occurrence  percentages  of  the 
oscillating  field  change  by  nearby 
positive  return  strokes.  More  than  half 
of  field  changes  are  oscillating  change 
in  the  range  between  15  and  25  km.  The 
height  of  positive  charges  in  the  winter 
is  roughiv  same  as  that  of  negative 
charaps  in  summer,  so  that  there  is  no 
large  difference  between  the  return 
stroke  channel  length  in  the  winter  and 
that  in  the  summer.  The  oscillating 
field  changes  in  winter  storms  are 
therefore  not  a  result  of  different 
channel  lengths.  The  most  significant 
difference  betveen  winter  and  summer 
storms  is  the  size  of  thundercloud. 

Summer  thunderclouds  in  Japan  range  from 
1.5  km  cloud  base  to  10  km  cloud  top 
while  Japanese  winter  thunderclouds 
range  typically  from  0.3  km  to  6  km  (4) . 
The  volume  of  winter  clouds  is  thus 
smaller  than  that  of  summer  clouds. 

Hence  the  volume  of  the  charged  region 
in  winter  is  likely  to  be  smaller  than 
that  in  the  summer.  The  smaller  charged 
volume  implies  a  smaller  radius  and 
hence  a  smaller  capacitance  for  the 
charged  sphere.  We  might  be  able  to 
infer  by  comparison  Table  1  and  2  that 
the  effective  radius  of  positively 
charged  sphere  in  winter  thundercloud 
could  roughly  be  estimated  as  0.5  km. 
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We  have  too  little  number  of  data 
to  make  similar  table  for  negative  ground 
discharges  in  winter  thunderstorms.  In 
general,  negative  charge  locates  under 
positive  one,  so  that  length  of  negative 
return  stroke  channel  is  shorter  than 
that  of  positive  stroke  channel.  Ac¬ 
cordingly,  it  is  thought  that  the  nega¬ 
tive  ground  discharge  in  winter  has 
higher  occurrence  probability  for  the 
oscillation.  Actually,  we  recorded  some 
oscillating  field  changes  due  to  close 
negative  ground  discharges  in  winter. 

CONCLUSION 

The  oscillating  bipolar  electric 
field  change  at  distances  less  than  25 
km  from  a  ground  discharge,  both  posi¬ 
tive  and  negative,  is  caused  by  the 
current  oscillation  through  a  lightning 
channel.  The  calculation  makes  it  clear 
that  the  current  oscillation  producing 
the  oscillating  field  change  occurs  in 
small  thundercloud  in  the  winter.  We  will 
measure  in  a  farther  study  the  current 
by  means  of  magnetic  field  measurement 
to  compare  with  the  above  discussed 
results . 
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Table  1-Appearance  of  the  Oscillating 
Bipolar  Electric  Field  Changes  Within 
200  ,.Ms. 


Radius  of  a  Distance  from  a  channel 

charged  sphere  5  km  10  km  20  km 


0.02  km 

X 

o 

o 

0.05 

X 

o 

o 

0.1 

X 

o 

o 

0.2 

X 

o 

o 

0.5 

X 

X 

o 

1.0 

X 

X 

o 

2.0 

X 

X 

o 

3.0 

X 

X 

X 

4.0 

X 

X 

X 

5.0 

X 

X 

X 

o :oscillating 

bipolar; 

x : unipolar 

Table  2-Two  Types  of  Field  Change  Due 
to  Positive  Return  Strokes 


Distance  from 
a  channel  (km) 

0-7.5 

7.5-15 

15-25 

Oscillating 

bipolar 

1 

2 

3 

Unipolar 

11 

2 

2 
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(low  gain) 
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—  UV-Recorder 

t 

i 
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Time  Signal  Generator 
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(high  gain) 
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r-Modified-VTR  CRT  — 

—  Camera 

—  Fast  Amp. 

k  (low  gain) 

Modified-VTR 

CRT 

Camera 

Fig.  1  -  Block  diagram  of  the  field 
change  recorder  system. 


t  a 


(b) 


(c) 


Fig.  2  -  The  time  responses  ot  the  fast  antenna:  (a)  input  signal,  (b)  output 
signal  of  the  amplifier,  and  (c)  output  signal  of  the  modif ied-video  taperecorder; 
(a1),  ( b 1 ) ,  and  (c1)  show  time  expansions  of  (a),  (b),  and  (c)  respectively. 
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(A) 


Fig.  3  -  An  example  of  the  electric 
field  change  due  to  a  negative  ground 
flash. 


Fig.  4  -  An  example  of  the  electric 
field  change  due  to  a  positive  ground 
flash,  N  denotes  instrumental  noise. 
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Fig.  5  -  Examples  of  the  oscillating 
bipolar  field  changes  due  to  return 
strokes . 
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Fig.  9  -  Computed  lightning  current  at 
height,  0,  2,  and  4  km,  respectively 
(a=100m,  1  =4  km) ;  the  return  stroke 
current  originates  at  ground  level  at 
t=0. 
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Fig.  10  -  Computed  lightning  currents  at 
height,  0,  2,  and  4  km,  respectively 
(a=3  km,  1  =4  km) ;  the  return  stroke 
current  originates  at  ground  level  at 
t=0 . 
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Fig.  11  -  Computed  electrio  field 
changes  at  distance,  5,  10,  and  20  km, 
respectively  (a=100  m,  1  =4  km) ;  the 
electric  field  changes  b§gin  at  each 
distance  at  t=0 . 
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Fig.  12  -  Computed  electric  field 
changes  at  distance,  5,  10,  and  20  km, 
respectively  (  a=3  km,  1  =4  km) ;  the 
electric  field  changes  Segin  at  each 
distance  at  t=0. 
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ABSTRACT 

The  use  of  static  dischargers  to  reduce  "P-static"  interference  in  radios  is 
universal  in  large  modern  aircraft.  These  devices,  although  they  quietly  discharge 
the  aircraft,  represent  drag  and  weight  penalties  and  can  delay  dispatch  of  a 
flight  if  dischargers  at  key  locations  are  missing. 

Flight  tests  were  conducted  on  a  modern  jet  transport  to  determine  the  location 
and  number  of  dischargers  required  for  dispatch.  Traditionally  the  minimum  complement 
is  based  upon  "engine  charging";  i.e.  ,  only  those  dischargers  required  to  quietly 
discharge  the  current  produced  by  operating  the  engines  in  clear  air  would  be 
required  for  dispatch.  The  aircraft  was  instrumented  to  measure  charging  current, 
discharge  current,  ADF  radio  noise  and  field  potential. 

The  data  from  this  instrumentation  was  recorded  on  a  system  which  sampled  data 
at  a  rate  of  5  times  per  second.  Data  plots  obtained  during  various  charging 
conditions  are  presented.^ 


THE  ELECTROSTATIC  CHARGING  AND  DISCHARGING 
CHARACTERISTICS  of  a  modern  large  jet 
transport  were  investigated.  In-flight 
charging  data  was  recorded  over  a  wide  range 
of  p-static  flight  conditions  ranging  from 
clear  air  cruise  to  penetration  into  icing 
and  lightning  environments. 

INSTRUMENTATION  -  Four  basic  parameters 
were  instrumented  on  the  aircraft  for  flight 
measurements.  The  positions  of  the  various 
sensors  on  the  aircraft  are  shown  in  Figure 
I.  All  parameters  were  recorded  on  a  flight 
test  multiplexed  data  recording  system  and 
presented  for  real  time  viewing  at  a  seat 
location . 

AIRCRAFT  POTENTIAL  -  A  field  meter 
located  just  aft  of  the  nose  wheel  well  was 
used  to  measure  relative  aircraft  potential. 
The  field  meter  is  of  the  rotating  blade  type 
where  a  sense  element  is  located  beneath  a 
spinning  aperture  (1)*.  The  sense  element  is 
alternately  exposed  and  shielded  from 
electric  field  lines  which  terminate  on  the 
aircraf  t . 

CHARGING  CURRENT  PATCH  -  A  2'  x  1’ 
aluminum  foil  patch  was  installed  on  the 
leading  edge  of  the  right  wing  to  sense  the 
relative  p-static  charging  current  seen  by 
the  aircraft.  The  foil  was  isolated  from  the 
wing  leading  edge  with  a  thin  layer  of 
dielectric  material.  The  patch  was  connected 
to  ground  through  an  ammeter  (for  real  time 
observation)  and  through  a  series  resistor 
(which  acted  as  a  voltage  source  for  the 
on-board  flight  test  data  recording  system). 

STATIC  DISCHARGERS  -  Two  static 
dischargers  were  instrumented  during  the 
initial  flights:  a  tip  type  on  the  right 
wing  and  a  trailing  type  on  the  left  wing. 
Discharger  instrumentation  was  achieved  by 
isolating  the  resistive  element  at  the  base 
of  the  discharger  and  attaching  a  wire  from 
the  resistive  element  to  ground  via  an 
ammeter  and  resistor. 

ADF  RECEIVER  -  A  standard  ADF  receiver 
was  modified  to  allow  relative  measurement  of 
the  noise  intensity.  The  receiver  squelch 
was  deactivated  and  the  ACC  voltage  was  made 
available  at  a  connector.  In  addition,  audio 
lines  were  connected  to  the  receiver  output 
and  were  wired  to  the  monitoring  console 
along  with  the  AGC  voltage.  A  digital 
voltmeter  was  used  to  monitor  AGC  voltage  at 
the  instrument  console.  A  calibration  of 
field  strength  in  microvolts  per  meter  vs. 
AGC  voltage  was  conducted  and  used  to  convert 
AGC  voltage  co  dB  above  microvolts/meter  by 
the  data  recording  system. 


*  Numbers  in  parentheses  designate  references 
at  end  of  paper. 


Flight  data  from  the  aircraft's  on  board 
data  system  was  also  available.  The 
parameters  usually  presented  with  the 
p-static  data  were:  indicated  air  speed, 

pressure  altitude  and  ambient  air 
temperature . 

DISCUSSION 

MINIMUM  DISCHARGER  COMPLEMENT  FOR 
DISPATCH  -  Discharger  configurations  are 
designed  to  provide  protection  from  p-static 
noise  under  the  most  severe  charging 
conditions.  The  number  of  trail!  ;g 

dischargers  required  on  a  particular  aircr.  t 
is  a  function  of  the  vehicle’s  frontal 
surface  area  and  varies  approximately  with 
the  three  halves  power  of  the  wing  spread 
(2).  The  number  of  tip  type  dischargers  on 
each  air  foil  is  less  well  defined  and  varies 
from  1  to  3  depending  upon  the  size  of  the 
tip  of  the  air  foil.  Table  I  shows  some 
typical  aircraft  and  their  dischaiger 
locations . 

Dischargers  are  occasionally  broken  off 
since  they  extend  beyond  the  extremities  of 
the  air  foil.  They  are  occasionally 
dislodged  from  their  mountings  by  mechanical 
and  aerodynamic  forces.  For  normal 
operations  a  full  complement  of  dischargers 
is  seldom  required  and  aircraft  may  be 
dispatched  with  several  dischargers  missing. 

A  minimum  complement  of  dischargers 
required  for  dispatch  is  established  for  each 
aircraft.  In  theory,  this  minimum  dispatch 
complement  would  dissipate  ''light-to-medium" 
charging  without  causing  a  radio  noise 
source.  Unfortunately,  it  is  not  always 
possible  to  find  "light-to-medium"  charging 
conditions  for  a  test  aircraft.  In  the  past 
it's  been  noted  that  jet  engines  charge  the 
aircraft  appreciably  when  the  engines  are 
operated  near  maximum  rated  thrust.  A 
minimum  discharger  complement  was  often 
determined  to  be  that  which  would  dissipate 
the  "engine  charging"  (usually  during  climb 
out)  without  causing  noise  in  the  ADF 
receivers . 

Early  in  our  flight  tests  it  became 
apparent  that  engine  charging  on  the  test 
vehicle  was  not  characteristic,  even  at  the 
high  thrust  levels  typical  of  climb  out. 
Figure  2  shows  a  data  record  typical  of  low 
altitude  flight  with  ambient  temperature  near 
or  above  freezing.  This  plot  was  obtained 
during  a  cloud  penetration  during  climb  out. 
Manual  notes  indicated  no  ADF  noise.  No 
particle  charging  was  evident  even  though  the 
ambient  temperature  was  slightly  below  zero. 

A  cloud  penetration  at  a  higher  altitude 
is  shown  in  Figure  3.  In  this  case,  the 
ambient  temperature  was  well  below  freezing 
and  partial  charging  is  evident.  Notes  show 
that  p-static  noise  was  prevalent  during  t  lie 
time  there  was  activity  on  the  charging 
patch . 
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Figure  4  is  the  record  from  a  low 
altitude  cloud  penetration  with  all  but  the 
instrumented  discharger  removed  from  the 
aircraft.  The  characteristics  were:  no 

particle  charging,  no  ADF  noise,  high 
"engine"  charging  during  the  time  the 
aircraft  is  in  the  cloud. 

Figure  5  is  a  high  altitude  encounter 
with  particles  and  all  dischargers  removed 
from  the  aircraft,  ADF  noise  was  noted 
whenever  charging  patch  current  was  present. 
Since  the  noise  occurred  even  when  the 
aircraft  potential  was  relatively  low.  the 
source  was  believed  to  be  other  than  corona 
from  the  aircraft  extremities.  This  belief 
is  re-enforced  by  the  fact  that  similar 
p-static  noise  occurred  on  flights  where 
dischargers  were  installed. 

P-STATIC  NOISE  INVESTIGATION  -  The 
source  of  the  p-static  noise  was  thought  to 
be  a  dielectric  surface  with  frontal  area 
exposure  to  particle  Impingement.  An 

electrostatic  charging  device,  INJECOK  (3), 
was  used  to  charge  all  suspicious  areas  on 
the  aircraft  while  the  ADF  receiver  system 
was  being  monitored.  Also,  a  resistance 
meter  was  used  to  check  bonding.  Figure  6 
shows  the  areas  on  the  aircraft  which  were 
investigated  and  include: 

Nose  radome 

Nose  radome  lightning  diverter 
strips 

Window  and  frames 
Ant i -collision  light 
VHF  blade 
Wing/body  fairing 
Static  dischargers  (all 
extremi ties ) 

ADF  antenna  radome 
H17  notch 

The  only  condition  that  would  produce 
noise  in  the  ADF  receiver  system  was  when  the 
ADF  radome  was  charged.  A  data  plot  of  the 
ADF  receiver  noise  taken  during  the  noise 
installation  is  shown  in  Figure  7. 

Two  additional  flight  tests  were 
conducted  on  the  instrumented  aircraft  with  a 
conductive  coating  installed  over  the  ADF 
antenna  radome.  Unfortunately,  conditions 
for  charging  were  not  encountered.  However, 
shortly  thereafter  a  dual  ADF  antenna  systeg 
experienced  extreme  p-static  noise.  INJECO 
was  used  on  an  ADF  System  test  setup  to 
demonstrate  the  effect  of  p-static  charging 
on  the  radome  and  the  resulting  noise  in  the 
system.  Noise  identical  to  that  encountered 
during  the  earlier  flight  was  produced  (the 
RDMI  needle  swung  wildly  and  the  identifi¬ 
cation  of  an  ADF  station  was  swamped  out  by 
the  noise).  The  antenna  was  then  coated  with 
conductive  paint  with  10  to  20  megohms  per 
square  inch  resistance  and  then  re-tested 
with  INJECO.  The  RDMI  needle  was  unaffected 
by  the  charging  and  the  station  identifi¬ 
cation  was  clear;  however,  some  p-static 
noise  could  still  be  heard  in  tire  background. 


ADDITIONAL  P-STATIC  FLIGHT  TEST  DATA  - 
Data  samples  were  collected  from  additional 
flight  tests  conducted  in  a  variety  of 
atmospheric  conditions.  Figure  8  shows 
charging  conditions  during  climb  out  through 
a  cloud  layer  at  5000  feet  (1524  meters) 
altitude.  The  aircraft  potential  was 
sufficient  to  saturate  the  most  sensitive 
scale  on  the  field  meter.  Some  charging  was 
evident  on  the  charging  patch  even  though  the 
ambient  temperature  was  well  above  freezing; 
however,  ADF  noise  was  extremely  slight. 
Figure  9  is  a  similar  take-off  through  cloud 
layers  at  2500  and  5000  foot  (762  and  1524 
meters)  altitude.  Again  the  ambient 
temperature  was  above  freezing,  the  charging 
slight  and  the  noise  minimal. 

The  rest  of  the  data  to  be  shown  were 
obtained  when  the  test  aircraft  was  looking 
for  natural  icing  conditions. 

Heavy  charging  conditions  are  shown  in 
Figure  10  where  the  aircraft  dipped  into  a 
cloud  at  14,000  feet  (4267  meters)  with  an 
ambient  temperature  of  -10JC.  Patch  charging 
rates  up  to  20  microamperes  were  observed 
with  ADF  noise  levels  40  dB  above  ambient. 
At  13:02  and  45  seconds  a  lightning  discharge 
occurred  to  the  aircraft.  The  data  during 
this  time  period  is  shown  in  Figure  11.  The 
ADF  noise  was  on  the  order  of  70  dB  above 
ambient  just  before  the  incident.  Rapid 
changes  in  the  potential  of  the  aircraft  one 
or  two  seconds  before  the  strike  are  thought 
to  cause  the  non-tracking  of  the  two  field 
meter  scales.  A  flash  was  seen  a  few  minutes 
later  (13:06  and  3C  seconds)  but  was  not 
accompanied  by  the  characteristic  sound 
associated  with  lightning.  The  extreme 
fields  experienced  in  this  time  frame  are 
shown  in  Figure  12. 

Figure  13  shows  a  condition  where  the 
aircraft  was  operating  in  a  cloud.  The 
aircraft  potential  was  relatively  high  and 
the  temperature  was  -12“C  but  there  was  no 
particle  charging  and  no  noise.  Later  at  a 
similar  altitude  and  temperature  (Figure  14) 
the  ADF  experienced  20  dB  of  noise  above 
ambient . 

The  final  flight  was  totally  conducted 
in  a  cloud.  During  climb  out  the.  ADF  noise 
was  relatively  low  at  temperatures  above 
freezing,  but  as  the  temperature  dropped 
be!ow  freezing  the  ADF  noise  rose  to  40  dB 
above  ambient.  The  patch  indicated  charging 
to  10  microamperes,  and  the  next  to  most 
sensitive  scale  on  the  field  meter  saturated. 
These  conditions  prevailed  during  the 
remainder  of  the  flight,  with  the  highest 
charging  levels  recorded  at  16:02  when  patch 
charging  levels  reached  22  microamperes  and 
the  noise  was  60  dB  over  ambient. 
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RESULTS  AND  CONCLUSIONS 

One  must  be  careful  ir.  drawing 
conclusions  from  test  data  when  conditions 
cannot  be  completely  controlled  or  well 
defined.  It  i  unfortunate  that  more  flight 
tests  could  not  have  been  conducted  with 
instrumented  dischargers  and  that  flight 
tests  into  charging  conditions  were  not 
encountered  when  the  ADF  antenna  was 
protected  with  antistatic  coating. 

In  spite  of  this,  some  conclusions  can 
be  drawn: 

1 )  The  jet  engines  on  the  test  air¬ 
craft  dTd  not  produce  static 
charging  when  operated  in  clear 
air.  Similar  testing  conducted  on 
earlier  aircraft  types  has  shown 
that  aircraft  charging  in  clear  air 
was  dependent  upon  engine  thrust 
settings.  It  is  the  opinion  of 
this  investigator  that  the  emphasis 
on  cleaner  burning,  more  efficient 
engines  has  greatly  reduced  the 
particle  content  of  the  exhaust  and 
hence  greatly  reduced  triboelectric 
charging  due  to  engine  operation. 
The  aircraft  charging  experienced 
In  clouds,  where  particle  impact 
charging  is  zero,  is  believed  to  be 
due  to  less  complete  combustion  in 
the  engine  because  of  the  presence 
of  water  vapor. 

2 )  When  operating  in  clear  air,  the 
engines  tended  to  act  as  a 
resistance  to  f heir  surroundings. 
The  aircraft  has  an  approximate 
free  space  capacitance  of  1000 
microfarads.  When  the  aircraft 
exited  a  cloud  the  aircraft 
potential  rapidly  returned  to  zero 
and  exhibited  relaxation  times  of 
from  2  to  6  seconds.  Considering  an 
RC  time  constant,  this  indicates 
that  the  aircraft's  resistance  to 
its  surroundings  is  In  the  order  of 
2  to  6  x  10y  ohms.  Aircraft  poten¬ 
tials  are  known  to  be  in  the  order 
of  200,000  volts  (1)  before 
extremities  unprotected  by  static 
discharges  are  known  to  go  into 
corona  discharge.  The  maximum 
current  to  which  "engine  resis¬ 
tance"  could  be  counted  upon  to 
discharge  the  aircraft  before  the 
extremities  go  into  corona  is 
therefore  about  100  microamperes. 
This  source  is  not  only  small  but 
under  conditions  when  it  is  needed 
(during  cloud  penetration)  the 
engine  may  become  a  charge  source 
because  of  the  pressure  of  the 
water  vapor  in  the  cloud. 


3 )  The  dominant  ADF  noise  source 
appears  to  be  the  radome  of  the  ADF 
antenna.  This  is  believed  since 
the  presence  of  ADF  noise  is  more  a 
function  of  patch  current  than  of 
the  aircraft  potential.  ADF  noise 
in  the  absence  of  patch  charging 
(Figure  14)  at  time  11:55:20  and 
time  11:59:10  is  br.lieved  to  be 
corona  discharge  at  the  aircraft's 
extremeties.  ADF  noise  in  the 
absence  of  particle  charging 
occurred  only  when  the  aircraft 
potential  was  in  excess  of  25 
kV/meter  (corrected  to  sea  level). 
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Table  I  -  Number  of  dischargers  used  on 
commercial  aircraft 


AIRPLANE 

MODEL 

WING  SPAN 

IN  FEET | METERS 

TRAILING 

TYPE 

TIP 

TYPE 

737 

93/28.3 

13 

5 

727 

108/32. « 

17 

4 

757 

124.8/38 

25 

10 

707 

131.2/40 

24 

10 

767 

155/47.2 

29 

10 

747 

195. "759. 6 

51 

18 

Fig.  1  -  P-Static  sensor  position  on  test 
aircraft 

Fig.  2 
Fig-  3 
Fig.  4 
Fig.  5 

Fig.  6  -  Major  areas  of  noise  source 
investigation 


discharge** 


Figure  1  P-Static  Sensor  Positions  on  Test 
Aircraft 


Fig.  7  -  Ground  test  of  uncoated  ADF  antenna 
using  INJECOi  R  to  charge  dielectric 
surfaces 

Fig.  8 
Fig.  9 
Fig.  10 
Fig.  11 
Fig.  12 
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Figure  6  Major  Areas  of  Noise  Source 
Investigation 
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ELECTRIC  CHARGING  BY  IMPACT  OF  HAILSTONES  AND  RAINDROPS 
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Technical  University  Hamburg-Harburg ,  Hamburg,  Germany 
**German  Federal  Armed  Forces  University  Hamburg,  Hamburg,  Germany 


ABSTRACT 


Hailstones,  raindrops,  and  oarticles  are  electrically  charged 
with  charge  values  of  10"^  As.  Wien  the  particles  strike  the 

surface  of  aircraft  or  rockets,  charge  transfer  processes  occur. 
Expecially  impacting  particles  with  high  velocity  generate  small 
clouds  of  dust  or  water  vapor.  This  effect  is  accompanied  by  strong 
electric  charge  separation  processes.  An  impacting  hailstone  with  a 
primary  charge  of  abouthQ0  *  15  .As  generates  a  secondary  electric 
charge  transfer  of  up  to  Q=loM  As.  Waterdrops  and  ice  particles 
were  shot  against  target  plates.  By  electric  field  measurements 
and  shortftime  shadow  photographs,  the  impact  processes  were  investi¬ 
gated  experimentally.  Model  computations  were  performed.  __ 


ELECTRICAL  CHARGING  PROCESSES  have  been  investi¬ 
gated  by  numerous  authors  concerning  contact 
electrification  when  insulators  are  involved.  But 
the  mechanism  responsible  for  charge  transfer  and 
the  accompanying  dissipation  processes  of  air 
breakdown  are  still  not  fully  understood.  Many  of 
the  studies  concerning  contact  electrification 
are  engaged  in  measuring  the  charge  produced  by 
rolling  or  sliding  contact  e.  g.,  between  a  metal 
or  plastic  spnere,  and  a  dielectric  sheet.  In 
most  cases,  the  charging  processes  during  long¬ 
term  lengths  of  some  seconds  as  well  as  low 
velocities  between  the  different  materials  have 
been  investigated. 

The  effects  concerning  the  interaction 
between  impacting  bodies  of  various  kinds  of 
material  during  short-time  lengths  of  about 
lo-loo  s  accompanied  by  a  strong  mechanical 
disturbance  are  interesting  concerning  the 
charging  effects  of  aircraft  in  flight  through 
clouds  of  raindrops  and  hailstones. 

Studies  on  precipitation  static  charging 
have  been  carried  out  both  in  the  laboratory  and 
on  aircraft  in  flight  -  see  e.g.  (1,2).  The 
charge  separation  effect  and  the  charge  transfer 
during  the  impact  of  hailstones  at  various 
velocities  were  tried  to  be  explained  by  the 
Workman-Reynolds  effect  (3),  by  thermoelectric 
effects  (4)  and  finally  by  inductive  mechanism 
(5).  In  (2)  is  suggested  that  the  charge  trans¬ 
fer  is  dependent  on  the  work  function  of  the 
metal  and  the  surface  or  contact  potential  of 
ice . 

The  different  explanations  and  mechanism 
take  in  account  mostly  low  irnpact-velocities 
below  2o  ms'1  .  However  at  high  velocities  up 
to  looo  m$  *'  the  fracturing  of  the  impacting 
material  e.  g.  the  ice  crystals  will  occur 
accompanied  by  heavy  charging  effects. 

To  produce  strong  mechanical  interactions 
under  controlled  conditions,  different  targets 
were  bombarded  by  projectiles,  waterdrops  and 
ice  crystals  simulating  hailstones.  The  charge 
transfer  process  was  investigated  by  antennas 
and  electric  field  measurement  systems  installed 
in  the  vicinity  of  the  breakdown.  Additionally 
the  impact  process  was  studied  by  shorttime 
shadow  photographs. 

EXPERIMENTAL  DESCRIPTION 

The  experimental  set-up  is  illustrated  in 
Fig.  1.  Projectiles  or  accordingly  waterdrops  or 
ice  bullets  simulating  hailstones  are  accelerated 
by  air  gun  or  by  similar  weapon  systems  to 
velocities  of  about  35  ms'1  up  to  looo  ms' 

The  bullet  passes  through  light  barriers,  diffe¬ 
rent  kind  of  charge  measuring  sensors  and  finaliy 
it  impacts  or  penetrates  a  target  plate.  During 
this  process  the  velocity  of  the  bullet  is  mea¬ 
sured.  To  measure  the  primary  charge  Q  on  the 
projectile  or  hailstone  different  elec?ric  field 
sensors  are  placed  parallel  to  the  projectile's 
trajectory.  During  the  charge  Q  passes  without 
touching  the  sensor,  the  charge  Q  aie  induced  cn 
the  surface  of  the  metal  sensors.  These  effects 
are  observed  by  charge  amplifiers  or  by  a  resis¬ 
tor  R  coupled  to  the  electric  fieid  sensors, 


As  shown  in  (6,7,8)  it  is  possible  to  derive  the 
value  of  the  primary  charge  Q  outgoing  from  the 
measured  electrical  signals  U^(t)  and  U  ^(t). 

During  the  impact  of  the  projectile  or  hail¬ 
stone  on  the  target  plate,  elect ri rally  charged 
clouds  of  dust  and  scraps  of  material  are  pro¬ 
duced.  The  electric  fields  thus  originated  induce 
electric  charges  on  the  metal  sensors  placed  near 
the  location  of  the  impact.  The  measured  time 
dependent  signals  give  informations  about  the 
impact  process  itself  nd  about  the  strength  of 
the  accompanied  charge  transfer. 

Additionally  to  the  electric  field  measure¬ 
ments  shorttime  shadographs  were  taken  in  dif¬ 
ferent  moments  during  the  impact  process. 

EXPERIMENTAL  RESULTS 

In  the  following  some  typical  examples  are 
shown  demonstrating  impact  processes  concerning 
projectiles,  waterdrops  and  finally  hailstones. 
Fig.  2  shows  some  typical  experimental  results 
produced  by  different  types  of  projectiles  while 
penetrating  a  metal  foil.  Electric  current  on  the 
target  was  recorded,  too.  One  of  the  projectiles 
(cal.  2o  mm,  v  =  looo  ms'1  )  is  illustrated  by 
a  shortfime  shadowgraph  which  shows  the  break¬ 
down  of  the  target  material. 

A  special  series  of  investigations  under 
well-defined  conditions  was  performed  to  clearly 
understand  the  physical  mechanism  of  the  electric 
charge  separation  and  the  origination  of  the 
electric  fields.  Electric  field  measurements  and 
shorttime  shadowgraph  observations  were  made  of 
the  impact  of  air  gun  pellets  ori  paper,  of  ice 
particles  simulating  artificial  hailstones  on 
different  metal  targets,  and  finally  of  water 
droplets  or  water  jets  on  targets.  To  eludicate 
the  complex  and  high  dynamical  impact  process 
some  shorttime  shadowgraphs  are  compiled  in  fig. 

3  and  4.  Particularly  the  clouds  of  vapor  and 
particles  are  recognizable  which  were  generated 
during  the  impact  process  accompanied  by  strong 
electric  charge  separation  processes. 

fig.  5  represents  results  of  measurements 
which  were  obtained  by  an  experimental  set-up 
similar  tn  that  shown  in  Fig.  1.  These  experi¬ 
ments  have  been  conducted  by  four  different 
velocities  of  air  gun  bullets  which  penetrate  a 
paper  sheet.  The  signals  Up ( t )  were  registered. 

The  results  illustrate,  that  the  exchange  of 
electric  charges  increases  with  the  intensity  of 
the  impact. 

fig.  6  represents  results  of  measurements 
concerning  an  arti Ficial  hailstone  which  impacts 
on  a  metal  target  plate.  The  hailstone  is  primary 
charged  with  Q  z  +  lo'"  As.  During  the  impact 
process  however  a  charge  transfer  of  Q  =  -lo'*As 
to  the  target  plate  can  be  observed  by  the 
generation  of  clouds  of  dust  and  water  vapor 
according  fig.  3. 

COMPUTATIONS 

A  physical  model  of  the  effects  during  the 
impact  was  developed  by  computing  the  electric 
field  distribution  under  certain  assumptions. 

The  theoretical  results  were  compared  with  the 
experimental  results.  In  the  following  one 
example  concerning  such  computations  is  explained. 
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fig.  7  shows  a  schematic  illustration  of  a  pro¬ 
jectile  penetrating  a  target  viewed  at  two 
different  moments.  The  impact  between  projectile 
and  target  causes  partial  destruction  of  the 
target  material.  Thus,  a  cloud  of  dust  particles 
is  generated  which  expands  in  the  direction  of 
the  trajectory.  The  velocity  of  the  cloud  de¬ 
creases  . 

The  impact  eid  the  mechanical  destruction 
of  the  target  material  result  in  an  intensive 
exchange  of  electric  charges  between  projectile 
and  dust  particles,  fig.  7  shows  the  oscillo¬ 
grams  Up(t)  and  U.(t) .  The  signals  ( t )  and 
U^(t)  were  derived  experimentally  using  resistor 
R  and  charge  amplifier  coupled  to  metal  sensors 
placed  near  the  location  of  the  impact.  The 
negative  doublepeak  at  the  beginning  of  the 
oscillogram  UR ( t )  marks  the  penetration  through 
the  target  ana  is  caused  by  the  top  and  driving 
band  of  the  bullet.  Contact  between  bullet  top 
and  target,  and  driving  band  target  both  gener¬ 
ate  dust  particles  of  the  target  material.  Here, 
the  particles  are  negatively  charged.  The  nega¬ 
tive  double  peak  is  then  followed  by  that  part 
of  the  signal  produced  by  the  positive  charged 
projectile.  When  the  projectile  passes  the  sen¬ 
sors,  the  oscillogram  UR C t )  falls  to  approxi¬ 
mately  zero  and  whereas  the  oscillogram  U^(t) 
shows  a  quasi  constant  value  caused  by  the  de¬ 
creasing  drift  velocity  of  the  particle  cloud. 

Outgoing  from  the  model  shown  fig.  7  it  is 
possible  to  compute  the  charge  Q(t)  produced  on 
the  sensors  and  registered  as  signal  U  ( t ) .  Q(t) 
is  caused  by  the  projectile  charged  positively 
during  the  impact  process  and  the  cloud  of  nega¬ 
tively  charged  dust  particles.  The  projectile 
velocity  is  assumed  to  be  constant  while  the 
velocity  for  the  particle  cloud  may  decrease  with 
time. 


0= 


b 


The  following  equation  is  valid: 

"+1  "  (b/2-y.)  (a/2-x  ) 

Q;  i  arc  tan  — ,  —  •  » — * 

\f  .  fu  /o  .  .  \* 


(a/2-xi) 


(b/2-y . )  +  z." 


+  arc  tan 


+  arc  tan 


+  arc  tan 


(b/2+y^)  (a/2-x^) 

z)j  (a/2-x. )  +  (b/2+y^)  +  z/~ 

(b/2-y^)  (a/2+x^) 

zjj  {a/2+x^-t-  (b/2-y^)^  +  z.^ 

(b/2+y^)  (a/2-wc) 

zll  (a/2+xi)^+(b/2+y^)^+  z*' 


a,b:  dimensions  of  antennas,  see  fig.  7. 

x.,  y.,  z . ;  coordinates  of  the  projectile  and 
the  dust  particles 


n:  number  of  the  dust  particles 

Qj :  projectile  charge  (positive) 

dust  particle  charge  (negative) 

The  computed  and  plotted  curve  (computed) 
shows  clearly  the  origin  of  the  particle  cloud 
according  to  the  experimental  derived  signal 
(measured). 

By  variation  of  the  different  assumptions 
concerning  the  charged  clo"d  distribution  and 
the  drift  velocities  it  is  possible  to  refine  the 
model  conception  about  the  impact  and  the  pene¬ 
trating  process. 

CONCLUSIONS 

During  impact  and  breakdown  processes 
electrical  charged  dust  is  originated  and  in 
this  connection  characteristic  electric  fields 
can  be  observed.  It  seems  that  this  effect  may 
lead  to  a  further  understanding  of  the  physical 
mechanism  concerning  contact  electrification 
processes  between  different  kinds  of  materials 
interacting  with  rather  high  velocities. 

Particularly  the  charging  process  concerning 
aircraft  flying  with  velocities  of  v  =  5o-15o  ms 
through  clouds  of  hailstones  seems  to  be 
affected. 

The  results  described  are  based  on  a  first 
series  of  investigations,  further  experiments 
and  computations  must  be  conducted.  In  particular 
investigations  are  planned  concerning  the  depen¬ 
dence  of  the  electromagnetic  radiation  erfects 
of  the  kind  of  material  and  of  the  interacting 
velocity. 
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fig.  7  -  Experimental  and  theoretical  results 
results  concerning  projectiles  or  artificial 
hailstones  penetrating  a  target 
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THE  EFFECTS  OF  PRECIPITATION  STATIC  D  LIGHTNING  ON  THE 
AIRBORNE  RECEPTION  OF  LORAN-C 


James  D.  Nickum,  P.E. 

Avionics  Engineering  Center,  Ohio  University,  Athens,  Ohio 


ABSTRACT 


The  results  of  ground  charging  tests  and  airborne  biased-discharger  flight 
tests  are  presented  to  indicate  the  p-static  noise  performance  improvement 
obtained  by  using  static-wick  dischargers  on  an  aircraft  for  the  reception 
of  LORAN-C.  An  instrumented  aircraft  was  flown  near  areas  of  thunderstorm 
conditions  to  collect  data  on  noise  due  to  p-static  discharging.  The  data 
indicate  that  significant  improvement  in  p-static  noise  reduction  is  possible 
by  using  static-wick  dischargers  on  the  airframe  to  maintain  adequate 
LORAN-C  signal-to-noise  in  p-static  discharging  conditions. 
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LORAN-C  NAVIGATION  EQUIPMENT  is  finding  its 
way  into  note  and  more  aircraft  as  an  effec¬ 
tive  area  navigation  system.  With  Loran-C 
operating  at  100  Khz  the  reception  of  the 
signals  in  the  presence  of  triboelectric 
airframe  discharging  noise  can  cause  a 
degraded  signal-to-noise  situation.  This 
discharging  noise  is  tmch  less  of  a  problem 
at  VHF  frequencies  and  therefore  is  less 
noticeable  to  the  pilot  for  a  given  discharg¬ 
ing  condition.  At  VLF  frequencies  the  noise 
produced  by  p-static  discharging  is  less 
tolerable . 

This  paper  will  outline  the  results  of 
three  types  of  tests  made  using  a  Douglas 
DC-3  (N7AP)  equipped  with  data  collection 
equipment  to  measure  discharging  currents  and 
measure  noise  generated  at  100  Khz  to  eval¬ 
uate  the  improvement  that  static-wick 
dischargers  provide  for  Loran-C  reception. 
The  three  different  tests  include  a  ground 
charging  test,  a  flight  test  using  a  biased 
discharger  to  simulate  in-flight  triboelec¬ 
tric  charging  and  flights  into  natural 
charging  conditions  near  thunderstorm  acti¬ 
vity.  This  work  was  performed  for  the 
Federal  Aviation  Administration  under 
contract  DTFA01-81-C-10007 .  (1)(2)* 

GROUND  P-STATIC  CHARGING  TESTS 

In  order  to  measure  the  noise  produced 
by  discharging  triboelectric  charge  accumula¬ 
tion  on  the  airframe,  a  ground  test  proce¬ 
dure**  has  been  used  to  simulate.  the 
triboelectric  charging  of  an  aircraft  in 
flight  (3).  First,  the.  aircraft  is  placed  in 
a  hangar  such  that  the  minimum  lateral  and 
overhead  clearance  is  5  feet  (3.05  meters ) . 
The  aircraft  landing  gear  are  positioned  on 
acrylic  sheets  of  at  least  0.25  in.  (6.35mm) 
thickness.  This  is  done  to  Insulate  the 
aircraft  electrically  from  ground.  As  shown 
in  Fig.  1,  ion  flood  fixtures  made  up  of 
static-dischargers  are  connected  to  the  high 
voltage  power  supply  (HVPS)  and  placed  in 
front  of,  but  not  touching  the  wings.  Ion 
collection  fixtures  were  placed  behind  the 
areas  of  the  aircraft  where  the  static-wick 
dischargers  are  attached  (trailing  edges  of 
wings,  elevator  and  rudder),  with  the  Ion 
collection  fixtures  connected  to  the  opposite 
polarity  of  the  HVPS  through  a  current  moni¬ 
tor  meter.  The  currant  monitor  is  always 
placed  in  the  HVPS  line  that  Is  at  the  same 


*  Numbers  in  parentheses  designate  References 
at  end  of  paper. 

**Patent  application  Pending,  R.  L.  Truax, 
TOO  Manufacturing  Dorp.,  Ft.  Myers,  FI,. 


potential  as  safety  ground  to  simplify  current 
measurements.  If  the  ion  flood  fixtures  are 
connected  to  the  negative  lead  of  the  HVPS  and 
the  ion  collection  fixtures  are  connected  to 
the  positive  lead  of  the  HVPS,  then  negative- 
point  corona  will  be  produced  at  the  tips  of 
the  static-wick  dischargers  mounted  on  the 
aircraft.  By  interchanging  the  HVPS  connec¬ 
tions,  positive-point  corona  car  also  be  pro¬ 
duced.  In  the  results  illustrated  in  the 
ground  charging  data,  both  positive-point  and 
negative-point  corona  were  considered. 

To  measure  the  current  that  flows  through 
aircraft-mounted  dischargers,  each  mounting 
base  was  insulated  from  the  airframe  and  a 
single  wire  returned  to  the  cabin  area  from 
each  discharger  mounting  plate.  Each  wire  was 
connected  to  a  10k  current-sensing  resistor 
with  the  opposite  end  of  the  resistor  grounded 
to  the  airframe.  The  voltage  across  each 
resistor  is  instrumented  and  represents  L0  mv 
per  microampere  (p  A)  of  discharger  current. 
Each  of  the  12  dischargers  on  the  aircraft  was 
instrumented  in  this  way  and  recorded  on  the 
data  collection  system.  Fig.  2  indicates  the 
placement  of  the  12  instrumented  dischargers 
for  all  of  the  tests  described.  The  noise 
amplitude  above  the  ambient  at  100  Khz,  as 
measured  by  the  EMC-25 ,*  was  recorded  along 
with  the  output  of  a  field  mill  calibrated  to 
measure  aircraft  potential.  All  this  data  was 
recorded  for  later  data  reduction.  To  assure 
that  ail  of  the  charge  that  was  placed  on  the 
aircraft  by  the  ion  flood  fixtures  was  removed 
by  the  ion  collection  fixtures,  the  total 
current  measured  on  board  the  aircraft, 
leaving  through  the  dischargers,  was  compared 
by  the  current  monitor  placed  in  the  HVPS 
lines.  In  all  of  the.  tests  conducted,  the  two 
currents  agreed  within  a  few  pA  even  at  high 
current  levels.  Further,  in  order  to  deter¬ 
mine  if  currents  are  leaking  across  the  sur¬ 
face  of  the  acrylic  sheets,  a  metallic  guard 
ring  was  placed  across  the  top  perimeter  of 
the  sheet  with  this  connection  returned  to  a 
sensitive  ammeter.  If  any  current  were  to 
leak  across  the  surface,  this  meter  would 

detect  the  current  flow. 

The  ground  tests  were  conducted  by  grad¬ 
ually  increasing  the  voltage  on  the  HVPS  over 
a  period  of  3  to  5  minutes  until  a  discharge 
current  of  700  to  750  pA  was  observed  on  the 
current  monitor.  During  this  time,  the  data 
collection  equipment  on  board  the  aircraft 
recorded  all  data  as  described  above. 

The  ground  charging  tests  included 

corona  points  and  two  different  manufactured 


*  Electro-Metrics  EMC-25  Interference  Analyzer 
used  with  a  V2  meter  whip  antenna  and  coupler 
mounted  on  underside  of  DC-3  aircraft. 
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types  of  statlc-wlck  dischargers.  The  corona 
points  were  used  to  determine  the  worst  case 
noise  situation  for  aircraft  p-static  dis¬ 
charging.  The  noise  vs.  discharge  current 
performance  with  the  manufactured  static-wick, 
dischargers  was  very  similar;  therefore,  the 
results  using  only  one  of  the  dischargers 
will  be  demonstrated.  Both  of  the  discharger 
types  and  the  corona  points  were  tested  in 
both  positive-point  and  negative-point 
corona. 

Fig.  3  indicates  the  noise  levels 
obtained  by  using  the  corona  points  as 
dischargers  for  both  positive-  and  negative- 
point  corona.  Notice  the  very  rapid  rise  in 
the  noise  levels  for  relatively  small  dis¬ 
charger  current  levels.  Essentially,  the 
noise  begins  promptly  at  the  point  where 
corona  begins  and  rises  very  quickly  for  both 
positive-  arid  negative-point  corona.  This 
demonstrates  quite  well  the  noise  problems 
encountered  by  aircraft  not  properly  equipped 
with  static-wick  dischargers,  especially  if 
the  aircraft  is  using  Loran-C  or  Omega  for 
navigation.  These  graphs  indicate  that  noise 
levels  can  approach  almost  40  db  above  the 
ambient  noise  levels  at  100  Khz  for  100  yA 
discharge  rates.  Thi3  could  very  easily 
swamp  a  good  signal-to-noise  level  for 
Loran-C  reception  and  completely  eliminate 
otherwise  usable  reception.  Note  also  that 
negative-point  corona  seems  to  reach  a  maxi¬ 
mum  level  at  approximately  33  db,  but  that 
posi;ive~point  corona  also  rises  very  rapidly 
then  continues  at  a  fairly  linear  rate.  The 
reason  for  the  differences  in  the  behavior  is 
not  fully  understood,  but  these  trends  have 
been  noted  by  other  investigators  (4). 
Positive-point  corona  appears  to  be  a  much 
more  energetic  process  than  negative-point 
corona  with  negative-point  corona  more  common 
in  triboelectric  charging  of  the  airframe. 
Positive-point  corona  can  be  induced  on  the 
airframe  in  flight  near  thunderstorm  activity 
where  the  aircraft  encounters  areas  of  high- 
static  fieldc  that  can  charge  the  aircraft 
depending  on  its  location  relative  to  these 
charged  clouds. 

Using  static-wick  dischargers  can 
improve  the  noise  performance  as  indicated  by 
Fig.  4.  Theee  data,  taken  from  the  ground 
tests,  indicate  that  for  negative-point 
corona,  a  noise  rise  above  ambient  of  6  to 
7  db  will  result,  even  at  high  charging 

rates  of  700  y  A.  This  is  a  significant 

decrease  as  compared  to  noise  generated  by 
the  corona  points.  There  is  also  an  improve¬ 
ment  in  positive-point  corona  noise  perfor¬ 
mance  as  indicated  by  the  data  in  Fig,  4 
compared  to  Fig.  3,  In  comparing  the  noise 

level  of  the  corona  point  in  Fig.  3  to  that 

of  the  discharger  in  Fi§.  4,  a  reduction  of 


approximately  28  to  30  db  is  achieved  for 
positive-point  corona. 

The  sudden  rise  in  noise  level  at 
approximately  250  yA  is  due  to  a  problem  in 
the  Instrumentation,  but  jumps  in  noise 
levels  have  been  observed  in  the  past  when 
testing  with  positive-point  corona. 

As  can  be  seen  from  the  material  pre¬ 
sented  so  far,  the  reduction  in  corona 
discharge  noise  when  using  static-wick 

dischargers  is  not  trivial.  With  the  proper 
testing,  any  airframe  can  be  improved  with 
respect  to  corona  discharge  noise  perfor¬ 

mance.  This  improvement  is  especially 
necessary  if  the  aircraft  is  equipped  with 
Loran-C  or  Omega  for  navigation. 

BIASED  DISCHARGER  FLIGHT  TESTS 

The  procedure  used  to  perform  p-static 
charging  flight  tests  in  clear  air  involves 
equipping  the  aircraft  with  a  biased 
discharger.  Fig.  5  illustrates  how  the 
biased  discharger  is  installed  on  the 

aircraft.  Essentially,  the  setup  involves 

mounting  four  static-wick  dischargers  on  an 
insulated  rod  approximately  12  inches  (30.5 
cm.)  long  mounted  on  the  tail  of  the 
aircraft.  One  of  the  HVPS  leads  is  connected 
to  the  dischargers  and  the  other  grounded  to 
the  airframe.  As  the  HVPS  potential  is 
Increased,  an  electric  field  results  between 
the  dischargers  and  the  airframe,  causing 
ions  to  be  formed  at  the  discharger  tips.  If 
the  aircraft  were  stationary,  the  ionized 
molecules  would  try  to  follow  the  lines  of 
electric  field  back  to  the  aircraft,  but 
since  the  aircraft  is  moving  through  the  air, 
the  ions  are  swept  away  from  the  aircraft 
leading  the  airframe  with  a  net  charge.  In 
all  of  the  biased  discharger  tests,  negative- 
point  corona  was  produced  at  the  biased 
dischargers  which  produces  positive-point 
corona  on  the  airframe  static-wick 
dischargers . 

All  of  the  biased  discharger  tests 
performed  were  conducted  along  a  closed  course 
in  the  southeastern  Ohio  area  and  were  con¬ 
ducted  in  clear  weather  conditions.  The 
potential  of  the  HVPS  for  the  biased  dis¬ 
charger  was  increased  in  5  Kv  steps  from  0 
to  65  Kv  over  a  period  of  16  minutes.  At  the 
end  of  the  data  run,  the  supply  voltage  was 
reduced  to  0  and  another  2  minutes  of  data 
taken.  This  method  produced  a  stepped  ramp 
of  biased  discharger  potential  that  causes 
the  airframe  to  discharge  as  if  flying  into 
triboelectric  charging.  Fig.  6  indicates  the 
envelope  of  95%  of  the  noise  vs.  current  data 
points  for  the  aircraft  equipped  with  corona 
points  as  dischargers.  This  graph  indicates 
the.  worst  case  noise  examples  for  the  biased 
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discharger  tests,  to  which  the  static-wick 
dischargers  will  be  compared.  It  can  be  seen 
that  the  aircraft  was  discharging  a  maximum 
of  7  to  8  db  above  the  ambient  noise  level. 
The  corona  points  did  not  begin  discharging 
current  until  the  biased  discharger  voltage 
was  increased  to  20-25  Kv. 

The  aircraft  was  then  outfitted  with 
static-wick  dischargers  in  place  of  the 
corona  points  and  the  flight  test  resumed. 
Fig.  7  indicates  the  envelope  of  95%  of  the 
points  for  this  test.  The  noise  plot  of 
Fig.  7  indicates  no  significant  rise  in  the 
noise  level.  The  biased  discharger  voltage 
for  the  start  of  discharge  current  was  15  Kv 
which  was  less  than  for  the  test  with  corona 
points.  This  demonstrates  some  of  the  mecha¬ 
nisms  employed  in  designing  static-wick 
dischargers  to  reduce  corona  noi le  by 
reducing  the  potential  at  which  the  corona 
discharge  begins,  thereby  reducing  noise 
levels  (5).  The  discharge  current  levels 
experienced  in  the  biased  discharger  flight 
tests  are  indicative  of  the  levels  that  could 
be  expected  in  a  small  aircraft  operating  in 
light  p-static  charging  conditions.  The 
noise  reduction,  even  at  these  low  discharge 
current  levels,  are  enough  to  maintain  a  low 
background  noise  level  for  Loran-C  reception. 

NATURAL  CHARGING  FLIGHT  TESTS 

Several  flight  testa  were  conducted  in 
the  vicinity  of  thunderstorm  conditions  to 
determine  the  effects,  if  any,  of  p-static 
discharge  noise  and  sferics  noise  generated 
by  these  conditions  on  the  reception  of 
Lorar-C.  One  particular  flight  indicated 
some  interesting  results.  The  flight  was 
made  along  the  same  closed  route  used  in 
the  biased  discharger  flights.  For  all  of 
the  natural  charging  flights,  the  biased 
discharger  was  not  used.  The  aircraft  was 
equipped  with  a  TI-9900,  Loran-C  receiver 
that  has  the  capability  of  providing  digi¬ 
tal  position  data  for  recoiding  during  the 
flight.  Fig.  8  is  a  plot  of  the  ground 

track  data  of  the  TI-9900  as  recorded  during 

this  flight.  The  flight  was  conducted  during 
cold  frontal  passage  through  the  southeastern 
Ohio  area,  generating  thunderstorm  activity 
throughout  the  area  of  flight.  After 
takeoff,  the  data  collection  system  was 
started  at  the  point  indicated  in  Fig.  8. 
Figs.  9,  10  and  11  are  data  plots  for  noise 
vs.  discharger  current,  noise  vs,  time  and 
discharger  current  vs.  time,  respectively, 
from  the  test.  The  times  referred  to  in 

Figs.  10  and  11  are  relative  to  the  data 

collection  start  time  in  nocor.  l.i  indicated  in 
Fig.  8.  As  indicate  .  ■  .  .  g.  A,  the  TI.-9900 
lost  track  for  5  mini  s!  ..i  lng  at  1380 


seconds,  after  which  the  TI-9900  then  re¬ 
acquired  the  Loran-C  stations.  Again  at 
2280  seconds  track  wa9  lost  for  2  minutes. 
During  these  lost  track  times,  the  aircraft 
was  encountering  heavy  rain  with  lightning 
around  and  above.  Fig.  10  indicates  that 
during  those  times  significant  noise  was 
being  generated  by  the  high  discharge 
currents  indicated  by  Fig.  11.  This  noise 
level  persisted  long  enough  to  cause  the 
TI-9900  to  lose  lock  on  the  received  Loran-C 
stations  used  for  navigation  output. 

Fig.  9  indicates  the  envelope  of  plot 
points  of  noise  vs.  discharge  current.  Thi3 
plot  is  of  interest  because  it  illustrates 
the  difference  in  characteristics  of  the 
noise  levels  generated  by  negative-point  and 
positive-point  corona  and  supports  the  data 
taken  in  the  ground  charging  tests.  Notice 

the  trend  toward  higher  noise  levels  for  a 
given  discharge  current  in  the  positive-point 
corona  case  as  compared  to  the  negative-point 
case.  Referring  back  to  the  results  of  the 
ground  charging  tests  (Fig.  4),  this  same 
trend  is  observed.  The  explanation  for  the 

high  noise  level  (in  Fig.  9)  for  zero 
discharger  current  is  that  the  EMC-25  inter¬ 
ference  analyzer  also  responds  to  the  sferlc 
noise  occurring  near  the  aircraft  due  to  the 
thunderstorm  activity. 

One  additional  problem  that  could  pro¬ 
duce  increased  noise  during  this  test  was 
that  sometime  during  the  flight,  the  two 
dischargers  mounted  on  the  left  elevator  were 
lest  from  the  aircraft,  In  examining  the 
discharge  current  data  for  each  discharger  as 
recorded,  the  currents  through  these  two 
dischargers  stopped  at  approximately  1625 
seconds .  It  is  not  clear  that  this  was  thn 

actual  time  the  dischargers  separated,  but 
there  was  very  little  discharge  current  at 
those  discharger  positions  after  that  time. 

Some  other  interesting  observations  can 
be  made  with  regard  to  Fig,  11.  Note  that  at 
approximately  1600  seconds  there  is  a  large 

current  excursion  from  discharging  negative- 
point  corona  to  discharging  positive-point 
corona  in  u  relatively  short  time.  This  is 
characteristic  of  the  type  of  airframe 
charging  encountered  near  thunderstorm  acti¬ 
vity.  The  aircraft  is  moving  through  areas 
that  have  significant  potential  differences 
causing  the  aircraft  to  accumulate  one 
polarity  of  charge  then  moving  into  an  area 
of  c.pposite  charge,  causing  the  aircraft  to 
discharge  and  charge  to  the  new  potential.  It 
is  even  possible  for  the  dischargers  on.  one 
wing  to  discharge  positive-point  corona  while 
the  other  wing  is  discharging  negative-point 
corona.  As  the  figures  presented  here  indi¬ 
cate,  the  problem  of  aircraft  p-static. 
discharging  near  thunderstorm  conditions 
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is  a  very  dynamic  situation  with  the  ability 
to  produce  noise  due  to  p-static  airframe 
discharging  along  with  the  sferic  noise  asso¬ 
ciated  with  the  thunderstorms. 

SUMMARY 

With  more  and  more  aircraft  being 
operated  in  instrument  meteorological  con¬ 
ditions  and  the  increasing  use  of  Loran-C  on 
boatd  these  aircraft,  the  noise  produced  by 
airframe  triboelectric  charging  needs  to  be 
minimized  to  assure  adequate  signal-to-noise 
environment  « . 

This  paper  has  presented  data  collected 
during  three  different  test  situations  to 
ootaln  information  regarding  b.;th  controlled 
and  actual  p-otatic  charging  conditions.  The 
ground  p-static  charging  tests  provided 
insight  into  the  controlled  relationship  of 
diechatg  current  and  the  noise  produced  at 
Loran-C  frequencies.  If  was  shown  that  the 
use  of  quality  static-wick  dischargers  can 
produce  significant  reductions  in  che  p- 
static  discharge  noise  for  the  positive-point 
corona  as  well  as  the  more  common  negative- 
point  corona. 

'the  biased  discharger  flight  tests 
allowed  another  controlled  examination  of  the 
improvement  of  p-static  discharge  noise  using 
static-wick  dischargers  in  actual  flight  con¬ 
ditions.  The  results  obtained  in  the  flight 
tests  supported  the  data  collection  from  the 
ground  charging  tests. 

Finally,  flight  tests  performed  in 
actual  p-static  charging  conditions  near 
thunderstorm  activity  clearly  indicate  the 
magnitude  of  the  problem.  The  sferic  noise, 
along  with  the  p-static  discharge  noise,  can 
cause  problems  for  Loran-C  equipment  but 
with  proper  p-static  wick  ditcharvers  placed 
on  the  aircraft,  the  effects  of  the  p-static. 
noise  can  bo  reduced. 

Additional  wnti  should  involve  more 
flights  near  thunderstorm  activity  to  build  a 
better  data  base  on  vrti  Lch  to  provide  static- 
wick  manufacturers  ■•Mid  airframe  manufacturers 
the  necessary  information  to  build  the  best 
equipment  to  make  the  aircraft  quiet  enough 
for  the  use  of  Loran-C  in  tribotlei.tric 
charging  conditicuu.  The  increased  use  of 
Loran-C  for  navigation  in  instrument  meteoro¬ 
logical  conditions  will  indicate  the  need  for 
more  research  in  tils  area. 
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Fig.  9  -  Noice  vs.  current  results  for 
actual  weather  flight  test. 
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DIGITAL  SYSTEM  UPSET— THE  EFFECTS  OF  SIMULATED 
LIGHTNING-INDUCED  TRANSIENTS  ON  A  GENERAL 
PURPOSE  MICROPROCESSOR 


Cp’v'Rfp  M.  Ralrastro 

NASA-Langley  Research  Center  Hampton,  Virginia 


ABSTRACT  , 

Flight-critical  computer-based  control  systems  designed  for 
advanced  aircraft  must  exhibit  ultrareliable  performance  in  lightning- 
charged  environments.  Digital  system  upset  can  occur  as  a  result  of 
lightning-induced  electrical  transients,  and  a  methodology  has  been 
developed  to  test  specific  digital  systems  for  upset  susceptibility. 
Initial  upset  data  indicates  that  there  are  several  distinct  upset 
modes  and  that  the  occurrence  of  upset  is  related  to  the  relative 
synchronization  of  the  transient  input  with  the  processing  state  of 
the  digital  system.  A  large  upset  test  data  base  will  aid  in  the 
formulation  and  verification  of  analytical  upset  reliability  modeling 
techniques  which  arc  being  developed., 
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INTRODUCTION 


ADVANCED  AIRCRAFT  of  the  1990's  will 
be  designed  with  composite  structures  and 
computer-based  digital  control  systems  cap¬ 
able  of  performing  flight-critical  func¬ 
tions.  These  digital  systems  will  be 
required  to  be  ultrareliable  whether  the 
aircraft  is  flying  through  a  normal  or 
adverse  environment — such  as  a  thunderstorm. 
There  is,  therefore,  a  need  for  a  better 
understand} ng  of  the  inflight  lightning- 
charged  environment  as  well  as  the  develop¬ 
ment  of  techniques  for  assessing  the  per¬ 
formance/reliability  of  digital  systems  on 
composite  aircraft  in  that  environment. 

When  an  aircraft  is  struck  by  light¬ 
ning,  exterior  electromagnetic  fields  are 
formed  that  are  dependent  on  the  geometry 
and  structural  material  of  the  aircraft. 
These  exteriot  fields  are  coupled  to  the 
interior  of  the  aircraft  causing  transient 
voltages  and  currents  to  be  induced  on 
electrical  cables  throughout  the  aircraft. 
Onboard  electronic  equipment  are  subjected 
to  the  analog  electrical  transients  that 
manage  to  propagate  to  interface  circuitry, 
power  lines,  etc.,  despite  shielding  and 
protection  devices  (1)*. 

Lightning-Induced  electrical  tran¬ 
sients  can  Impair  the  operation  of  digital 
systems  by  either  damaging  components  or  by 
causing  functional  error  modes — or  upsets — 
in  which  vo  component  damage  is  involved. 
Digital  syt tem  upset  is  permanent  in  that  it 
requires  corrective  action,  such  as  reset¬ 
ting  the  system  or  reloading  the  software, 
to  restore  normal  system  function.  Upset 
can  be  viewed  from  a  hardware  or  software 
perspective.  The  hardware  viewpoint  is  In 
terms  of  logic  states,  whereas  the  software 
viewpoint  is  In  terma  of  program  flow. 

There  has  been  some  ongoing  work  for  several 
years  to  predict  erroneous  loop  program 
execution  using  linear  difference 
equations  (2).  However,  there  are  no  stan¬ 
dard  guidelines  or  criteria  for  performing 
upset  tests  or  analysis  of  digital  systems. 

This  paper  describes  a  methodology 
whereby  a  microcomputer  is  tested  in  the 
laboratory  for  its  susceptibility  to 
entering  upset  modes  and  presents  data 
obtained  to  date.  The  objectives  of  these 
tests  are  to  investigate  the  statistical 


nature  of  digital  system  response  to  analog 
tiansients  and  to  verify  potential  analyt¬ 
ical  techniques  for  generating  upset  statis¬ 
tics  for  use  in  upset  reliability  models. 

An  analytical  approach  for  generating  such 
statistics  is  based  on  the  utilization  of  a 
special-purpose  computer  specifically 
designed  to  emulate  and  perform  error  mode 
diagnostics  on  a  target  computer  (3).  Once 
these  statistics  are  generated  and  an  upset 
model  is  designed,  a  reliability  prediction 
can  be  made  for  the  performance  of  the 
target  computer,  assuming  that  lightning- 
induced  transients  have  entered  the  system. 
This  reliability  prediction  could  be  gener¬ 
ated  by  using  existing  reliability  estima¬ 
tion  programs,  such  as  the  ComputerAided 
Reliability  Estimation  code,  CARE  111  (4). 

In  order  to  predict  the  reliability  of  the 
target  system  on  an  aircraft  flying  in  a 
lightning-charged  environment,  in-flight 
data  is  needed  to  aid  in  defining  the 
characteristics  of  that  environment.  This 
data  is  currently  being  obtained  by  tests  in 
which  a  specially-instrumented  aircraft  is 
flown  through  thunderstorms  to  illicit 
lightning  strikes  (5).  This  lightning  data, 
as  well  as  data  obtained  through  upset 
testing  described  in  this  paper,  will  aid  in 
providing  a  basis  from  which  analytical 
reliability  prediction  techniques  can 
evolve. 

UPSET  TEST  METHODOLOGY 

The  digital  unit  under  test  is  the 
Intel  Iutellec  8/Mod  80  microcomputer.  It 
is  based  on  an  8080  microprocessor  and  was 
chosen  because  It  is  a  typical,  general- 
purpose  microcomputer  and  comprises  a  small 
enough  network  to  facilitate  instrumen¬ 
tation.  A  simplified  block  diagram  of  the 
digital  unit  under  test  is  shown  in 
Figure  1.  The  analog  electrical  transients 
being  input  into  the  digital  unit  under  test 
are  designed  to  model  voltages  and  currents 
that  are  likely  to  be  induced  by  electro¬ 
magnetic  fields  in  a  lightning-charged 
environment;  the  waveshapes  are  based  on 
those  recommended  for  direct  application  to 
electronic  equipment  pins  by  avionics 
subcommittee  AE4L  of  the  Society  of 
Automotive  Engineers  (6).  These  waveshapes, 


*Numbers  in  parentheses  designate  References  at  end  of  paper. 
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shown  in  Figure  2,  ai  representative  of 
lightning-induced  vo  .ages  and  currents  and 
it  is  recommended  that  both  positive  and 
negative  polarity  versions  of  the  waveforms 
be  applied  to  the  test  unit.  The  amplitude 
of  these  waveforms  is  restricted,  in  this 
case,  by  the  damage  threshold  of  components 
within  the  unit  under  test.  The  analog 
transients  are  input  into  the  digital  unit 
under  test  randomly  with  respect  to  time  and 
with  respect  to  internal  processing  state  of 
the  unit  being  tested.  Randomness  is 
desired  so  that  transient  signal  inputs  are 
not  synchronized  with  processing  activity — 
thus,  more  realistically  simulating  the 
random  process  that  might  take  place  in  the 
actual  lightning-charged  environment.  Upset 
statistics  collected  under  these  conditions 
will  enable  statistical  cross-tabulations  to 
be  made  and  will  enhance  a  stochastic  upset 
model  in  which  digital  system  response  to 
lightnlng-lnduc.ed  transients  is  mode  led 
statistically. 

The  upset  test  hardware  configuration 
shown  in  Figure  3  Is  based  on  comparison 
monitoring  of  two  identical  Intel  micro¬ 
computers  that  are  synchronized  and  execut¬ 
ing  the  same  program  code  concurrently.  One 
microcomputer,  the  unit  under  test,  is  per¬ 
turbed  by  analog  electrical  transients  while 
the  second  one  serves  as  an  inperturbed 
reference  unit.  Thirty-two  of  the  forty 
pins  from  each  microcomputer's  central  pro¬ 
cessing  unit  (CPU)  are  compared  via  error 
detection  circuitry,  in  a  bitwise  fashion. 
These  lines  include  the  8-bit  bidirectional 
data  bus,  the  16-bit  address  bus,  and  eight 
CPU  control  lines.  The  analog  electrical 
transients  are  generated  when  a  relay  is 
opened  causing  a  capacitor  in  an  RLC  circuit 
to  discharge;  closing  the  relay  causes  the 
capacitor  to  again  become  charged,  which  is 
required  for  generating  another  transient 
signal.  The  random  generation  of  the  elec¬ 
trical  transient  is  provided  by  circuitry 
that  controls  the  opening  and  closing  of  the 
relay  independently  of  either  the  unit  under 
test  or  the  reference  unit.  Transient  sig¬ 
nals  can  also  be  generated  In  a  free-running 
manner  in  which  the  time  between  transients 
varies  pseudo-randoraly  from  about  5  seconds 
to  1.5  minutes  with  a  resolution  of  approxi¬ 
mately  350  ms.  This  time  interval  between 
transients  can  be  adjusted  and  was  chosen 
somewhat  arbitrarily.  The  lower  limit  of  5 
seconds,  however,  was  chosen  to  provide 
enough  time  for  a  program  of  moderate  size 
(about  500  instructions)  to  be  executed  in  a 
continuous  loop  at  least  1000  times.  It  is 
assumed  that  if  the  unit  under  test  can 
correctly  execute  the  program  code  1.000 
times,  once  the  transient  signal  has  entered 
the  system,  then  an  error  due  to  that  tran¬ 
sient  signal  will  probably  not  occur.  If  no 


error  is  detected,  the  electrical  transient 
is  again  input  to  the  unit  under  test.  It 
an  error  is  detected,  no  more  transient 
signals  are  generated,  error  data  is 
recorded,  and  the  test  is  finished. 

The  error  data  being  recorded  is 
obtained  from  the  CPU  lines  that  are 
monitored  from  the  unit  under  test.  These 
data  comprise  the  memory  addresses  accessed, 
instructions  fetched  from  memory,  CPU  data 
input/output  (1/0),,  eight  CPU  control 
signal  logic  states  during  CPUmemory  data 
bus  transactions,  and  the  CPU  status  signal. 
The  status  signal  is  output  onto  the  data 
bus  by  the  CPU  to  identify  the  subsequent 
machine  cycle.  The  8080  microprocessor 
machine  cycles  and  corresponding  8-bit 
status  signals  are  shown  in  Table  1. 

In  order  to  statistically  evaluate  the 
effects  of  analog  transients  on  the  unit 
under  test,  data  is  generated  and  recorded 
to  provide  a  means  of  determining  the  CPU 
processing  state  when  each  electrical  tran¬ 
sient  was  input  into  the  test  unit.  This 
data  is  obtained  using  a  28-bit  counter  that 
is  clocked  by  from  the  reference  unit. 

Since  processing  activity  is  organized  in 
the  8080  as  shown  in  Table  2  (7),  a  count  of 
the  number  of  clock  cycles  that  occur  be¬ 
tween  transient  signal  inputs  can  be  used  to 
determine  the  instruction,  machine  cycle, 
and  machine  cycle  state  in  progress  when 
each  transient  input  occurs.  The  clock 
cycle  count  is  initialized  when  the  micro¬ 
computers  begin  executing  the  program  code. 
When  the  electrical  transient  is  input  into 
the  unit  under  test,  the  clock  cycle  count 
is  latched,  the  counter  is  reinitialized, 
and  the  clock  cycle  data  is  recorded.  This 
process  continues  until  an  error  is 
detected.  Once  the  detection  of  an  error 
occurs,  the  number  of  clock  cycles  that 
elapsed  since  the  electrical  transient  was 
input  into  the  test  unit  is  latched,  and  the 
error  data  described  previously  is  recorder. 

Clock  cycle  data  and  error  data  are 
recorded  on  8  x  8K  bit  nonvolatile  ran  lorn 
access  memory  cards.  After  each  test  is 
completed,  the  data  on  these  memory  cards  Is 
transcribed  for  permanent  record  orto  mag¬ 
netic  tape  and  become  data  files.  The  data 
in  these  files  is  t^en  processed  using  a 
specially  written  FORTRAN  program.  Error 
data  from  the  CPU  data  Dua,  address  bus,  and 
control  lines  of  the  unit  under  test  are 
disassembled,  formatted,  and  listed  so  that 
concurrent  activity  on  these  lines  can  he 
tracked.  Clock  cycle  data  is  used  to  calcu¬ 
late  the  8080  Instruction,  machine  cycle, 
and  machine  cycle  state  in  progress  when 
each  transient  signal  was  injected  and  unen 
the  error  was  detected. 


UPSET  TESTS  AND  RESULT  a 


Upset  tests  completed  to  date  have 
been  performed  utilizing  a  i-MHz  damped 
sinusoid  of  negative  polarity  as  the. 
perturbing  electrical  transient.  No  provi¬ 
sions  nave  been  made,  at  this  time,  to 
achieve  the  rise  time  of  the  S.A.E.  recom¬ 
mended  waveform.  During  each  individual 
test,  the  analog  transient  signal  was  input 
on  a  single  line  in  the  unit  under  test, 
rather  than  on  multiple  lines  throughout  the 
unit.  The  program  being  executed  in  a  con¬ 
tinuous  loop  by  the  microcompute.’  s  during 
each  test  is  shown  in  Table  3j  the  machine 
cycle,  machine  cycle  states,  and  control 
signal  corresponding  to  each  Instruction  are 
indicated.  The  program  causes  data  byte 
(CB)^  to  be  retrieved  from  random  access 
memory  location  (0011)^  and  input  into 
the  accumulator  register  of  the  CPU.  The 
data  byte  is  then  stored  in  random  access 
memory  location  (0023) This  program 
is  extremely  simplistic  and  was  chosen  to 
minimize  the  number  of  processing  states  to 
which  the  input  of  electrical  transients 
could  be  correlated  in  a  statistical  analy¬ 
sis.  Minimizing  the  number  of  processing 
states  reduces  the  amount,  of  data  needed  for 
a  statistically  significant  data  base. 

Thus,  a  precursory  analysis  can  be  performed 
in  a  relatively  short  period  of  time  to 
determine  whether  or  not  a  correlation  may 
exist . 

The  transient  signal  has  been  input 
into  the  unit  under  test  1101  times  on  lines 
MDIq,  MDl^,  and  MDI~  of  the  input  data  bus, 
DB  of  the  output  data  bus,  D.  of  the 
bidirectional  data  bus,  and  M/\D^  of  the 
memory  address  bus.  Thirty-five  of  these 
analog  transient  inputs  caused  the  unit 
under  test  to  exhibit  anomalous  behavior, 
and  in  30  of  these  cases  the  system  was 
upset..  The  remaining  five  cases  involved 
errors  that  have  been  termed  as  benign. 
Benign  errors  include  contaminated  data, 
temporary  divergence  from  correct  program 
flow,  and  slight  instruction  changes  that  do 
not  prevent  the  system  from  performing  the 
desired  activity.  Data  recorded  during  the 
30  tests  in  which  the  unit  under  test  wa3 
operating  in  an  upset  mode  can  be  catego¬ 
rized  into  three  types.  Type  I  upset  data 
is  characterized  by  the  CPU  data  bus,  and 
sometimes  the  address  bus  and/or  control 
lines,  being  "stuck"  at  some  valid  or 
invalid  equence.  Type  11  upset  data 
indicates  that  the  CPU  oi  the  unit  under 
test  was  "babbling"  erroneous  information  on 
the  data  bus,  control  lines,  and  usually  the 
address  bus  as  well.  Table  A  of  the 
appendix  shows  Type  II  upset  data.  Type  III 
upset  data  suggests  that  the  CPU  exhibits  a 


pattern  of  behavior  during  which  it  com¬ 
pletes  several  program  cycles  correctly  and 
then  "babbles"  or  becomes  "stuck"  during 
several  cycles.  The  amount  of  processing 
activity,  such  as  CPU-RAM  interaction, 
taking  place  during  each  upset  mode  is  yet 
to  be  determined.  The  number  of  tiroes  that 
the  transient  signal  was  input  on  each  line 
in  the  unit  under  test  as  well  as  the  corre¬ 
sponding  number  of  anomalies,  benign  errors, 
upset  modes,  and  upset  types  detected  are 
shown  in  Table  4. 

Several  general  observations  can  be 
made  from  the  upset  data  recorded  thus  far. 
Eight-bit  signals  are  input  into  the  CPU 
during  some  instruction  fetch  cycles  that  do 
not  correspond  to  instructions  in  the  test 
program  or  even  represent  the  op-code  for 
any  of  the  8080's  244  instructions. 
Similarly,  the  CPU  issues  status  signals 
that  do  not  correspond  to  the  machine  cycles 
which  constitute  execution  of  the  test 
program  and  often  do  not  signify  any  of  the 
ten  8080  machine  cycles.  The  CPU  also 
issues  signals  on  the  address  bus  which 
represent  memory  locations  in  RAM  other  than 
those  that  should  be  accessed  during  execu¬ 
tion  of  the  program,  memory  locations  in 
ROM,  and  sometimes  locations  outside  the 
boundary  of  available  hardware.  In 
addition,  control  signals  are  issued  by  the 
CPU  that  either  should  not  occur  during 
execution  of  the  test  program  or  that  should 
not  occur  during  CPU-memory  data  bus  trans¬ 
actions.  This  undefined  CPU  activity  has 
not  yet  been  investigated.  In  18  of  the  30 
upset  cases  recorded,  normal  function  was 
restored  by  resetting  the  system.  In  the 
remaining  12  cases,  some  or  all  of  the 
memory  locations  allocated  for  the  test 
program  were  overwritten  requiring  that  the 
program  be  reloaded  and  initialized  to 
restore  normal  system  function.  This  infor¬ 
mation,  as  it  relates  to  the  number  of 
upsets  detected  and  the  number  of  t,...„9  the 
transient  was  input  on  each  line  of  the  unit 
under  test,  is  included  in  Table  5, 

The  data  base  obtained  to  date  is 
insufficient  for  performing  a  comprehensive 
statistical  analysis  to  determine  if  the 
occurrence  of  upset  can  be  correlated  to  the 
8080  processing  state  in  progress  when  the 
analog  transient  signal  is  input  into  the 
system.  Nonetheless,  several  rudimentary 
cross-tabulations  were  performed  in  which 
the  number  of  observed  upsets  was  arranged 
in  contingency  tables  with  several  process¬ 
ing  state  subdivisions  and  the  occurrence  or 
nonoccurrence  of  upset  as  the  random 
variables.  The  initial  hypothesis  being 
tested  by  each  cross-tabulation  is  that  the 
occurrence  of  upset  is  equiprobable  for  each 
processing  state  in  progress  when  the  elec¬ 
trical  transient  was  input  into  the  system. 
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Calculating  the  chi-square  statistic  and 
comparing  it  to  the  appropriate  value  of  the 
chi-square  distribution  determines  whether 
or  not  the  initial  hypothesis  should  be 
rejected  (8).  Since  the  occurrence,  rather 
than  nonoccurrence,  of  upset  is  of  primary 
interest,  the  chi-square  statistic  for  the 
data  in  each  contingency  table  was  calcu¬ 
lated  using  only  the  number  of  upsets  ob¬ 
served  and  the  number  of  upsets  that  would 
be  expected  to  occur  under  the  Initial 
hypothesis  for  each  processing  state.  An 
assumption  that  is  implicit  in  the 
chi-square  calculation  for  the  data  in  each 
contingency  table  is  that  upset  occurred 
witn  equal  probability  for  each  transient 
signal  input  point  that  yielded  an  observed 
upset.  This  assumption  cannot  be  tested  at 
this  time  due  to  the  small  quantity  of  data 
that  has  been  obtained  thus  far. 

Tables  6-10  show  the  nur'-er  of  observed 
upsets,  the  number  of  upsets  expected  under 
the  initial  hypothesis,  the  calculated 
chi-square  statistic,  and  appropriate  values 
of  the  chi-square  distribution  as  applied  to 
various  processing  levels.  Since  the  calcu¬ 
lated  chi-square  statistic  for  the  data  in 
contingency  Table  6  is  lrS3  than  the  value 
of  the  chi-square  distribution  lor  an 
«  =  0.10  level  of  significance,  the  initial 
hypothesl s-that  the  occurrence  of  upset  is 
equi-probable  when  the  transient  signal  is 
input  during  execution  of  e«y  instruction  of 
the  test  program — cannot  be  rejected.  On 
the  other  hand,  the  calculated  chi-square 
statistic  for  the  data  as.  arranged  in  con¬ 
tingency  Tables  7,  3,  and  9  for  various 
machine  cycle  categories  indica.es  that  the 
initial  hypothesis  of  there  be*.ng  an  equal 
probability  that  upset  will  occur  when  the 
transient  signal  is  input  during  the  various 
machine  cycles,  irrespective  of  the  asso¬ 
ciated  program  instruction  being  executed, 
can  be  rejected  a'.  3n  a  •*  0.005  level  of 
significance.  Thi.~  level  of  significance 
means  that  the  probability  of  having  reject¬ 
ed  the  initial  hypothesis  when,  in  actual¬ 
ity,  it  should  not  be  rejected  is  0.005. 
Rejecting  the  initial  hypothesis  for  tne 
data  lu  contingency  Tab  .e  7  can  primarily  be 
attributed  to  the  much  smaller  than  expected 
number  of  observed  upsets  that  occurred  when 
the  transient  signal  was  input  during  memory 
write  machine  cycles.  Rejection  of  the 
Initial  hypothesis  for  the  data  as  arranged 
in  contingency  Tables  8  and  9  can  primarily 
be  attributed  to  the  larger  than  expected 
number  of  upsets  observed  when  the  transient 
signal  was  input  during  instruction  fetch 
machine  cycles.  The  chi-square  statistic 
calculated  for  the  data  in  contingency 
Table  10  indicates  that  there  is  no  basis  on 
which  to  reject  the  initial  hypothesis  of 
there  being  an  equal  probability  of  upset 


occurring  when  the  transient  signal  is  input 
during  various  machine  cycle  states,  irre¬ 
spective  of  the  associated  machine  cycle  or 
instruction.  A  more  complete  statistical 
analysis  associating  instruction,  machine 
cycle,  and  machine  cycle  state  will  be  per¬ 
formed  once  a  larger  data  base  has  been 
obtained . 

A  preliminary  upset  model  has  been 
developed  and  is  presented  in  Figure  4.  The 
probability  of  being  in  each  of  the  defined 
states  can  be  determined  once  the  prob¬ 
ability  density  functions  (pdf's)  p(t), 
:((t),  8(  T  )  and  c?(t)  are  determined  for  a 
specific  digital  system  being  considered. 
Function  p(t )  is  the  pdf  of  the  time  it 
takes  for  upset  to  occur,  once  the  transient 
signal  has  entered  the  system.  Similarly, 
C<(t)  is  the  pdf  of  the  time  required,  once 
the  transient  signal  has  entered  tne  system, 
for  benign  errors  to  be  generated. 

Functions  cx(t)  and  S(t)  ate  the  pdf's  of 
the  time  required  for  system  rer,  very  or 
system  failure,  respectively,  onca  system 
upset  has  occurred.  Probability  density 
functions  p(t)  and  «(t)  will  be  deter¬ 
mined  for  the  8080-based  microcomputer  using 
upset  test  data  currently  being  obtained. 

The  clock  cycle  counter  in  the  upset  test 
circuitry  is  reinitialized  when  the  tran¬ 
sient  signal  is  input  into  the  tesv  system, 
and  the  clock  cycle  count  is  latched  and 
recorded  upon  detection  of  an  error.  Since 
the  clock  frequency  is  2  MHz,  the  time  re¬ 
quired  for  upset  to  occur  or  benign  errors 
to  be  generated,  once  the  transient  signal 
has  entered  the  system,  can  be  calculated  by 
multiplying  the  clock  cycle  count  by  50C  ns. 
The  upset  propagation  times  calculated  from 
each  test  in  which  upset  occurred  will  be 
rsed  to  generate  a  histogram  showing  fre¬ 
quency  of  upset  occurrence  versus  various 
upset  propagation  time  intervals.  Function 
p(t)  is  then  determined  by  approximating 
the  histogram  with  a  known  distribution  or 
deriving  the  equation  of  the  curve  which 
best  fits  the  envelope  of  the  histogram. 
Figure  5  shows  the  UDset  propagation  time 
histogram  formulated  from  the  upset  data 
obtained  to  date.  Since  the  data  base  is 
small,  no  attempt  has  yet  been  made  to 
determine  p(t).  Probability  density 
function  a(t)  for  benign  error  generation 
time  will  be  determined  in  a  similar  manner. 
The  pdf's  u  (t  )  and  g  (x  )  -or  recovery 
time  and  failure  time,  respectively,  cannot 
be  determined  unless  upset  recovery  mecha¬ 
nisms  are  designed  and  implemented  in  the 
microcomputer  system.  If  this  is  under¬ 
taken,  pdf's  a  Cr  )  and  B  (t  )  will  be 
determined  similarly. 
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SUMMARY  AND  CONCLUSIONS 


A  methodology  has  been  developed  to 
test  a  general-purpose  microcomputer  for 
susceptibility  to  upset  caused  by  analog 
transient  signals  which  model  lightning 
induced  effects  waveforms.  Upset  data  has 
been  obtained  during  30  of  1101  transient 
signal  injection  tests  and  Indicates  that 
there  are  several  distinct  upset  inodes. 

Type  I  upset  involves  CPU  lines  and/or  buses 
being  stuck  at  some  logic  state  sequence 
whereas,  during  Type  II  upset,  the  CPU 
"babbles"  erroneous  and/or  undefined  infor¬ 
mation  on  its  lines  and  buses.  Type  111 
upset  occurs  when  the  CPU  exhibits  a  pattArn 
of  behavior  during  which  it  completes 
several  program  cycles  correctly  and  then 
"babbles"  or  becomes  "stuck"  during  several 
cyclec.  Processing  activity  taking  place 
during  upset  modes  is  yet  to  be  investi¬ 
gated.  Statistics  performed  thus  far  do  not 
refute  the  claim  that  upset  occurs  with 
equal  probability  when  the  transient  signal 
is  input  during  each  instruction  cycle. 
However,  there  is  evidence  against  the 
occurrence  of  upset  being  equiprobable  when 
the  transient  signal  is  input  during  the 
machine  cycles  that  occur  throughout  execu¬ 
tion  of  the  test  program,  irrespective  of 
the  instruction  cycle  in  progress.  At  this 
time,  there  is  no  evidence  to  disclaim  the 
assertion  that  upset  occurs  with  equal  prob¬ 
ability  when  the  transient  is  input  during 
the  various  machine  cycle  states,  irrespec¬ 
tive  of  the  associated  machine  cycle  or 
instruction  cycle.  A  more  comprehensive 
statistical  analysis  will  be  performed  once 
a  sufficient  data  base  has  been  obtained. 
Upset  test  data  will  also  be  used  to  deter¬ 
mine  probability  density  functions  of  the 
time  it  takes  for  upset  to  occur  and  benign 
errors  to  be  generated  in  the  8080-based 
uicrocc aputer ,  once  the  analog  electrical 
transient  has  entered  the  system.  These 
probability  density  functions  will  be  used 
to  determine  the  upset  susceptibility  of  the 
8080  microcomputer  via  a  preliminary  upset 
reliability  model  that  has  been  developed, 
although  extensive  upset  testing  has  not 
been  completed,  the  primary  conclusion  that 
can  be  made  at  this  time  is  that  digital 
system  upset  may  best  be  characterized  at 
the  machine  cycle  level  of  processing 
activity. 
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Fig.  1  -  Overview  of  digital  unit  under  test 
(8080-based  microcomputer) 


Ta^le  1  -  8080  Machine  Cycles  and  Corresponding  8-Bit 
Status  Signals  in  Hexidecimal  Format 


MACHINE  CYCLE 


STATUS  SIGNAL 


INSTRUCTION  FETCH  A2 
MEMORY  READ  82 
MEMORY  WRITE  00 
STACK  READ  86 
STACK  WRITE  04 
INPUT  42 
OUTPUT  10 
INTERRUPT  23 
HALT  8A 
INTERRUPT  WHILE  HALT  2B 


DAMPED  SINUSOIDAL  WAVEFORM 


VV  V 

— 

''  RISE  TIME, 

WAVEFORM  FREQUENCY  ns  DAMPING 

1  lMHzi±?OT.I  50  MAX  AMPLITUDE  DECREASES 

2  10  MHz  1  +  201-1  5  MAX  25-50A  IN  4  CYCLES 


decaying  exponential  waveform 


3  500  MAX  170  I  i  20%) 

4  100  MAX  2  I  ±20^1 


Fig.  2  -  S.A.E.  waveforms  recommended  for 
lightning-induced  effects  testing 


Fig.  3  -  Overview  of  upset  test  hardware 
configuration 


Table  2  -  Processing  Levels  for  the  8080  Microprocessor 


PROCESSING  LEVEL 

COMMENTS 

INSTRUCTION  CYCLE 

1. 

Defined  by  cp-code  for  each 
i-3  byte  instruction 

2. 

Consists  of  1-5  machine  cycles 

MACHINE  CYCLE 

1. 

Identified  by  status  signal  for 
type  of  CPU-memory  or  CPU-I/O 
port  transaction 

2, 

Consists  of  3-5  states 

MACHINE  CYCLE  STATES 

1. 

Defined  by  single  cycle  of  clock 
signal  $ 

2. 

Smallest  unit  of  processing 
activity 

I 
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Table  3  -  Addreos  But,  Data  Bus,  and  Control  Signal 
Activity  During  Execution  of  the  Upset 
Teat  Program  Code 


ADDR. 

BUS 

OP. CODE/INST, 

DATA  BUS 

TUS  SIG./MACH.  CYC. 

NO.  OF 
STATES 

WAIT 

RDY 

CPU 

'CONTROL 

SIGNAL 

INTE 

HLD 

1  STA 

HLDA 

SYNC 

WR 

DBIN 

0010 

3E: 

MVIA 

A2: 

INST.  FETCH 

5 

1 

1 

0 

0 

1 

1 

0 

0 

0011 

CB: 

CB 

82: 

MEH.  READ 

4 

1 

1 

0 

0 

1 

1 

0 

0 

0012 

32: 

STA 

A 2: 

INST.  FETCH 

5 

1 

1 

0 

0 

1 

1 

0 

0 

0013 

23: 

23 

82: 

MEM.  READ 

4 

1 

1 

O 

0 

1 

1 

0 

0 

0014 

00: 

00 

82: 

MEM.  READ 

4 

1 

1 

0 

0 

1 

1 

0 

0 

0023 

CB 

00: 

MEM.  WRITE 

4 

1 

1 

0 

0 

0 

0 

0 

0 

0015 

C3: 

JMP 

A2: 

INST.  FETCH 

5 

1 

1 

0 

0 

1 

1 

0 

0 

0016 

10: 

10 

82: 

MEM,  READ 

4 

1 

1 

0 

0 

1 

1 

0 

0 

0017 

00: 

00 

82: 

MEM.  READ 

4 

1 

1 

0 

0 

1 

1 

0 

0 

Table  4  -  Breakdown  of  System  Anomalies  Observed  Per  Number 
of  Transient  Signal  Inputs  at  Each  Input  Point  in 
the  Unit  Under  Test 


TRANSIENT 

INPUT  POINT 

NO.  OF 

TRANSIENT 

INPUTS 

SYSTEM 

ANOMALIES 

BENIGN 

ERRORS 

TOTAL 

SYSTEM 
TYPE  I 

UPSETS 

TYPE  11 

TYPE  III 

MDI0 

(MEM.  DATA  IN.-LSB) 

11 

11 

3 

8 

2 

4 

2 

kdi3 

(HEM.  DATA  IN. -4th  LSB) 

11 

11 

0 

11 

0 

11 

0 

MDI? 

(MEM.  DATA  IN. -MSB) 

11 

11 

1 

10 

1 

9 

0 

Do 

(CPU  DATA  BUS-LSB) 

2 

2 

1 

1 

0 

0 

1 

DBo 

(DATA  BUS  OUT. -LSB) 

720 

0 

0 

0 

0 

0 

0 

mad0 

(MEM.  ADDR.  BUS-LSB) 

346 

0 

0 

0 

0 

0 

0 

Table  5'-  Upsets  Involving  Overwritten  Program  Memory 
Per  Total  Number  of  Upsets  Observed  from 
Transient  Signal  Inputs  at  Each  Input  Point  in 
the  Unit  Under  Test 


TRANSIENT 
INPUT  POINT 

NO.  OF 

TRANSIENT 

INPUTS 

TOTAL 

NO.  OF 
UPSETS 

UPSETS  INVOLVING 
OVERWRITTEN 
PROGRAM  MEMORY 

MDIq 

11 

8 

3 

MDI3 

11 

11 

2 

MUI7 

11 

10 

7 

Table  6  -  Contingency  Table  and  Chi-Square  Statistic 
for  the  Occurrence  of  Upset  When  the 
Transient  Signal  is  Input  During  Instruction 
Cycles 


Table  7  -  Contingency  Table  and  Chi-Square  Statistic 

for  the  Occurrence  of  Upset  When  the  Transient 
Signal  is  Input  During  Machine  Cycles 


INST. 

FETCH 

MEM. 

READ 

MEM. 

WRITE 

NO  UPSET 

392 

562 

117 

UPSET 

15 

14 

1 

(EXPECTED) 

(10.0) 

(10.0) 

(10.0) 

TOTAL 

407 

576 

118 

1071 

30 

1101 
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Table  8  -  Contingency  Table  and  Chi-Square  Statistic  for  the  Occurrence  of 
Upset  When  the  Transient  Signal  is  Input  During  Machine  Cycles 
(Memory  Read  Cycles  are  Subclaasif ied  Into  Data  and  Addresses 
Read  from  Memory) 


INST. 

FETCH 

MEM.  RD. 
(DATA) 

MEM.  RD. 
(ADDR.) 

MEM. 

WRITE 

NO  UPSET 

392 

110 

452 

117 

UPSET 

15 

6 

8 

1 

(EXPECTED) 

(7.5) 

(7.5) 

(7.5) 

(7.5) 

TOTAL 

407 

116 

460 

113 

CALCULATED  X  -  13.43 


a  -  0.05 


a  -  0.005 


Table  9  -  Contingency  Table  and  Chi-Square  Statistic  for  the 
Occurrence  of  Upset  When  the  Transient  is  Input 
During  Machine  Cycles  (Memory  Read  Cycles  are 
Subclassified  into  Data,  Low  Address  Bytes,  and 
High  Address  Bytes  Read  from  Memory) 


INST. 

FETCH 

MEM.  RD. 
(DATA) 

MEM.  RD. 
(LOW  BYTE 

OF  ADDR.) 

MEM.  RD. 
(HIGH  BYTE 
OF  ADDR.) 

MEM. 

WRITE 

UPSET 

392 

110 

218 

234 

117 

NO  UPSET 
(EXPECTED) 

15 

(6.0) 

6 

(6.0) 

3 

(6.0) 

-  . 

5 

(6.0) 

1 

(6.0) 

TOTAL 

407 

116 

221 

239 

118 

CALCULATED  X  =19.37 


X  a  =  0.05  "  9-49 


x  a  =  0.005  =  14-9 


Table  10  -  Contingency  Table  and  Chi-Square  Statistic  for  the 
Occurrence  of  Upset  When  the  Transient  Signal  is 
Input  During  Machine  Cycle  States 


T1 

T2 

TW 

T3 

T4 

NO  UPSET 

249 

268 

255 

223 

76 

UPSET 

n 

6 

5 

3 

(EXPECTED) 

(6.0) 

(6.0) 

(6.0) 

(6.0) 

(6.0) 

TOTAL 

258 

275 

261 

228 

79 

CALCULATED  X  =3.34 


'/  n  =  7.78  X  n 

a  =  0. 1  A  a  =  0. 05 
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TRANSIENTS 


p  (»  I A  I  =  PROBABILITY  THAT  ERRORS  CAUSE  SYSTEM  UPSET  IN  TIME  A  I 
olllA(  =  PROBABILITY  THAT  ERRORS  WILL  BE  BENIGN  IN  TIME  it 
0  (TlAT=  PROBABILITY  THAT  SYSTEM  Will  RECOVER  IN  TIME  fit 
G(tiat  =  PROBABILITY  that  system  will  FAIL  in  TIME  At 


Fig.  4  -  Preliminary  stochastic  upset  model 


FREQUENCY 

OF 

OCCURRENCE 


0  200  300  400  WO  600  700  800  900  TOCO  >1(50 

TIME  INTERVALS,  Ms 


Fig.  5  -  Upset  detection/propagation  time 
histogram 
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APPENDIX  I  TAHl.E  A 


LIGHTNINC  PROTECTION  DESIGN  AND  LIGHTNING  THREAT  FLIGHT  CLEARANCE 
OF  A  FLY-BY-WIRE  FLIGHT  CONTROL  SYSTEM  FOR  AN  UNSTABLE  ATRCRAFT 


w 


P.  A.  Doggett  and  I.  P.  MacDiarmid 
British  Aerospace  PLC,  Lancashire,  United  Kingdom 


ABSTRACT 


The  rapid  growth  in  avionic  fll'.t  safety  critical  systems 
coupled  with  large  scale  use  of  poo'  ' j  conducting  structural 
materials  has  made  essential  a  deliberate  and  consistent  design 
and  test  philosophy  for  aircraft  lightning  strike  protection. 

The  paper  discusses  the  design  measures  taken  in  the 
installation  of  a  fly-by-wire  (FBW)  system  in  a  Jaguar  aircraft 
to  be  used  as  a  technology  demonstrator.  The  whole  aircraft 
simulated  lightning  strike  tests  carried  out  are  briefly 
described,  together  with  complementary  bench  tests. 

The  experience  gained  is  reviewed  and  used  to  provide  a 
basis  for  a  consistent  philosophy  of  design  and  test  for  ar.v 
future  FBW  aircraft. 


0  0  9.23  3 


1.  IN  A  'FLY  RY  WIRE'  ( FBW)  aircraft,  the 
traditional  cables  and  rods  of  the  flight 
control  system  are  replaced  by  electronic, 
circuits  linking  central  computers  to 
inceptors  such  as  pilot's  stick,  and  to 
actuators  to  move  the  control  surfaces.  The 
trend  in  military  aircraft  flight  control 
systems  is  now  firmly  towards  digital 
electronic  FBW  technology.  Six  years  ago  the 
most  advanced  production  aircraft  incorporated 
quadruplex  analogue  control  systems;  today 
quadruplex  digital  systems  are  developed  and 
in  production.  Future  projects  use  digital 
techniques  with  no  backup  system  and  also 
complete  integration  with  avionic  navigation 
and  attack  systems. 

A  parallel  trend  in  aircraft  production 
has  been  the  increasing  use  of  composite 
materials.  Five  years  ago  the  use  of  Carbon 
Fibre  Composite  (CFC)  in  aircraft  at  BAe 
(Warton)  was  limited  to  a  small  number  of 
access  doors  manufactured  as  replacements  for 
metal  doors  on  existing  aircraft.  Since  then, 
a  front  fuselage,  a  wing  and  a  taileron  set 
have  been  built,  and  aircraft  under 
development  incorporate  more  than  half  of  the 
structure  in  CFC.  This  usage  of  CFC  is  in 
common  with  tha  majority  of  other  major 
manufacturers . 

Although  the  use  of  digital  techniques 
minimises  EM  Interference  the  greater 
depcndance  on  continuous  system  functioning 
for  safety,  and  the  change  in  ctiuctural 
material  which  reduces  shielding  of  systems 
from  external  EM  effects  (such  as  lightning) 
make  it  necessary  to  take  deliberate  action  to 
identify  and  prove  protective  measures  and 
design  procedures.  The  continuous  and  safe 
functioning  necessary  is  best  illustrated  by 
the  fact  that  future  aircraft  are  being 
designed  with  deliberate  longi . jninal 
instability  to  maximise  aircraft  performances. 
Only  a  high  speed  computer  can  effect  the 
control  Inputs  necessary  tc  maintain 
controlled  flight.  It  follows  therefore  that 
if  control  were  to  be  lost,  the  aircraft  could 
divergently  depart  from  controlled  flight  and 
break  up.  With  such  an  unstable  airframe  no 
manual  reversion  is  possible  and  very  high 
electrical  integrity  is  essential. 

Lightning  strike  represents  the  severest 
naturally  occurring  electromagnetic  threat  and 
furthermore,  the  unpredictability  of  the 
characteristics  of  a  possible  strike, 
necessitate  always  considering  the  worst  case 
conditions.  It  is  of  great  importance  that  a 
safe  and  realistic  flight  clearance  with 
respect  to  lightning  is  generated  for  a 
particular  aircraft  type,  but  the  problems  in 
doing  so  are  considerable. 

Considerable  programmes  of  whole  aircraft 
simulated  lightning  testing  have  been 
conducted  in  recent  years,  and  much  has  been 
learnt  about  correct  design  and  protection  of 
systems  to  ninimise  induced  transients  and 
also  to  test  them  correctly,  such  that  an 


unrestricted  flight  clearance  may  be 
confidently  given.  This  paper  reviews  the 
experience  gained  in  these  areas  by  British 
Aerospace  PLC  (Warton  Division)  with  t; . 
Jaguar  fly  by  wire  reserach  aircraft.  In  each 
of  these  areas  BAe  (Warton)  have  been  greatly 
assisted  by  the  Culham  Lightning  Studies  Unit 
(CLSU). 

2.  FBW  JAGUAR  DESIGN 

The  FBW  Jaguar  was  originally  a  standard 
production  Jaguar  strike  aircraft  and  served 
with  the  RAF  for  three  years  before  being 
delivered  to  BAe  Warton  for  conversion  as  an 
Active  Controls  Technology  Demonstrator ,  under 
contract  to  the  UK  Ministry  of  Defence. 

Since  it  was  always  intended  to  fly  the 
FBW  Jaguar  in  unstable  configurations,  no  form 
oj.  reversionary  control  was  retained  and  the 
original  flight  control  system  was  entirely 
replaced  by  a  quadruplex  digital  FBW  system 
together  with  associated  sensors  and 
actuators.  The  overall  objective  of  the 
project  was  for  the  aircraft  to  be  a 
technology  demonstrator ,  and  thus  throughout 
the  project  all  aspects  of  equipment  build  and 
flight  clearance  have  been  to  normal 
production  standards.  Therefore,  in  effect, 
the  system  could  be  fitted  and  flown  in  a 
future  aircraft  with  only  those  changes  that 
apply  to  the  different  aircraft  layout  and 
role . 

The  aircraft  first  flew  as  a  FBW 
Demonstrator  on  20  October  1931. 

2.1  THE  FLIGHT  CONTROL  SYSTEM  (FCS)  - 
Figure  1  gives  a  schematic  illustration  of  the 
installation  of  the  FCS  into  the  aircraft,  and 
major  components  of  the  system  comprise  : 

Flight  Control  Computer  (FCC)  -  (4  off)  - 
these  computers  house  the  control  laws,  and 
each  one  has  at  its  disposal  the  information 
available  to  the  others,  such  that  it  can 
generate  a  consolidated  command  to  the  control 
surface  actuators. 

Actuator  Drive  and  Monitor  Com p  u  t  e  r 


(ADMC)  -  (2  off)  -  these  computers  each 
produce  a  further  consolidated  command  to  the 
control  surface  actuators  from  information 
received  from  the  4  FCCs.  In  addition  they 
monitor  the  FCCs  and  generate  the  failure 
warnings  as  necessary. 

Quadruplex  Position  Sensors  -  (5  off) 
these  are  basically  potentiometers  and  are 
used  to  measure  pilot's  stick,  rudder  pedal 
and  trim  settings.  A  separate  lane  is  used 
for  each  FCC, 

Rate  Gyro  Units  -  (3  off)  -  these  are 
quadruplex  gyro  packs  and  send  aircraft  rate 
responses  to  each  FCC. 

Primary  Flight  Control  Units  -  (5  off)  - 
these  comprise  a  separate  actuator  for  each 
control  surface.  Each  actuator  receives  6 
control  signals  on  a  'duo-triplex'  basis.  The 
actuators  send  ram  position  and  ram  rate  of 
travel  feedbacks  to  the  computers. 
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Airstream  Direction  Detection  Probes  -  (4 
off)  -  from  these  four  probes  triplex 
incidence  and  sideslip  signals  are  generated 
for  transmission  to  the  FCCs. 

Triplex  Transducer  Unit  -  from  the  pitot 
static  probes  triplex  pitot  and  static  signals 
are  generated  for  transmission  to  the  FCCs. 

Airbrake  and  Flap  Position  Indicators  - 
to  generate  compensation  of  airbrake  and  flap 
effects,  a  duplex  position  signal  is  sent  to  2 
FCCs. 

Autopilot  -  signals  from  the  Jaguar  Nav 
Attack  system  (NavWass)  are  provided  to  one 
FCC  for  use  as  an  autopilot  facility. 

The  system  architecture  is  outlined  in 
Fig  (2)  and  principal  components  of  the  above 
system  will  apply  equally  to  any  future 
aircraft  although  a  much  greater  amount  of 
integrated  avionics  is  to  be  expected  with 
increased  use  of  databus  systems. 

2.2  FCS  PROTECTIVE  HESTON  -  The  oereral 
installation  techniques  and  design  policies 
for  the  FCS  equipment  and  wiring  runs  are 
outlined  below. 

Equipment  -  Each  FCC  powers  its  own 
sensors  and  all  signal  earth  references  are 
via  the  FCC  to  system  star  ground.  Separate 
OV  'busbars'  are  provided  within  the  computer 
for  different  signal  types  and  all  earth 
references  exit  from  the  box  on  one  connector 
pin  to  the  star  ground.  The  cases  of  each 
computer  and  each  sensor  are  bonded  to 
airframe . 

Traditional  "transorb"  devices  for 
transient  overvoltage  protection  are  used  to 
protect  the  outputs  from  the  FCC  to  remote 
components  eg  Linear  Variable  Differential 
Transducer  (LVDT)  excitation,  servo  command 
signal.  Most  sensor  inputs  to  the  FCC  are 
protected  by  a  high  resistance  which  limits 
any  transient  current. 

Standard  anti-EMI  manufacturing 
techniques  are  used  in  the  box  construction  eg 
overlapping  lids  and  hole  sizes  only  below  a 
certain  value. 

FCC4  is  an  exception  in  that  its  system 
earth  is  not  the  star  ground  but  a  remote 
NavWass  earth.  This  results  from  its  NavWass 
sourced  autopilot  inputs  which  necessitated 
using  the  NavWass  system  earth.  However,  this 
situation  was  deemed  acceptable  since  each  FCC 
is  optically  coupled  and  electrically  isolate! 
(500V  optical  coupler)  and  therefore  any 
resultant  noise  due  to  the  remote  earth  is 
limited  to  one  box. 

The  software  inside  each  FCC  is  identical 
to  enable  any  box  to  be  used  in  any  position. 

The  original  system  specification  called 
for  500v  insulation  to  ground  for  wiring  and 
sensors  and  this  is  generally  met. 

Wiring  Runs  -  The  major  wiring  runs  aie 
illustrated  in  Fig  1.  A  specific  design 
constraint  was  that  all  FCS  wiring  was  to  be 
segregated  from  standard  Jaguar  wiring,  with 
crop':  overs  at  90°. 


EMC  considerations  defined  which  circuits 
required  use  of  screened  wires.  These  screens 
were  earthed  only  at  the  FCC  end  to  avoid 
earth  loops. 

Approximately  75%  of  FCC  inputs/outputs 
are  so  screened.  The  screen  earthing  is 
generally  by  pigtail  to  the  airframe,  although 
5%  are  earthed  via  the  FCC  to  star  ground. 

For  lightning  protection  It  was  decided 
to  segregate  mechanically  the  FCS  wiring  runs 
with  a  combination  of  aluminium  trunking  (or 
conduit)  and  mesh  braid,  either  heavy  duty 
braid  or  light  gauge  knitted  mesh  as  required. 
These  screens  were  all  earthed  multiply  on  an 
opportunity  basis  to  reduce  enclosed  loop 


The  wiring,  as  far  as  possible,  avoided 
the  areas  of  the  fuselage  which  ',/ere  of  small 
radius  of  convex  curvature.  These  areas  often 
carry  high  current  densities,  and  thus  give 
rise  to  high  levels  of  electromagnetic 
coupling.  The  FCS  computers  themselves  are 
sited  approximately  halfway  along  too  fuselage 
in  an  area  of  low  current  density  due  to  large 
effective  fuselage  diameter. 

To  attempt  to  keep  lightning  currents  on 
the  aircraft  skin,  certain  equipment  and  gun 
bay  doors  were  provided  with  EM  pealing.  This 
took  the  form  of  a  knitted  mesh  gasket  which 
was  electrically  bonded  to  the  bay  dcor  and 
allowed  to  contact  the  meta]  'land'  around  the 
aperture  in  the  air."r--me . 


3.  WHOLE  AIRCRAFT  SIMULATED  LIGHTNING  TEST 


The  FBW  Jaguci  is  the  first  British 
aircraft  to  rely  entirely  on  a  digital 
electronic  flight  control  system  and  thus 
presented  a  novel  problem  with  respect  to 
clearing  the  aircraft  for  flight  in  possible 
lightning  conditions. 

The  principal  objective  of  the  simulated 
lightning  test  was  to  demonstrate  the  efficacy 
of  the  protective  measures  anu  thus  achieve  a 
relaxation  or  abolition  of  the  initial 
restrictive  clearance  imposed. 

3.1  TEST  PHILOSOPHY  -  To  achieve  an 
unrestricted  flight  clearance,  confidence  rust 
be  gained  that  if  a  full  threat  lightning 
strike  were  to  occur,  the  flight  safety 
critical  elements  of  the  FCS  would  survive  and 
maintain  control  throughout.  The 
unpredictability  of  Interference  mechanisms 
necessitates  a  practical  test.  So  much  can 
generally  be  readily  agreed,  but  definition  of 
a  sufficient  and  satisfactory  test  is  more 
difficult  and  subject  to  various  opinions. 

The  test  rig  used  in  the  FBW  Jaguar  whole 
aircraft  simulated  lightning  tests  is  shown  in 
Fig  3;  the  capacitor  bank  and  charging 
equipment  were  provided  by  CLSU  and  the  return 
conductors  were  manufactured  by  BAe  to  a  CLSU 
design.  The  circuit  inductance  was  i  /<H 
and  the  equipment  produced  maxima  of  100UA; 
ROkV;  20kA//u&ec.  Two  aircraft  configurations 
were  tested;  hose  to  Tail  and  Nose  to  Fin  Tip 
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aerial,  including  tests  with  aircraft  fully 
powered  electrically  and  hydraulically. 

The  values  produced  by  the  rig,  al chough 
not  full  threat,  are  equivalent  to  a  moderate 
to  severe  strike  and  a  flight  ready  aircraft 
cannot  be  put  into  the  rig  and  tested  without 
risk  of  expensive  damage  to  sensitive 
equipment . 

It  was  important  to  achieve  valid  test 
techniques  whereby  an  aircraft  in  the  middle, 
or,  in  future,  at;  the  beginning  of  its  flight 
programme,  could  be  subjected  to  meaningful 
tests  and  yet  be  recleared  for  flight  with  a 
minimum  of  delay  after  the  testing.  Table  1 
shows  how  this  was  achieved  for  the  FBW 
Jaguar.  Each  change  was  considered  for  its 
effects  on  the  test  validity.  No  difficulties 
were  encountered  in  reclearing  the  aircraft 
for  flight.  The  good  segregation  between  PCS 
and  other  systems  was  greatly  beneficial  in 
these  respects  . 

The  principal  means  of  data  gathering 
were  two  dummy  computers  (one  FCC,  one  ADMC) 
which  were  wired  to  receive  a  total  of  18 
circuits  and  terminate  these  with  their 
correct  impedance.  A  list  of  these  circuits 
is  given  in  Table  2  and  it  can  be  seen  that 
they  are  representative  of  all  major  wiring 
routes,  circuit  types  and  sensor  types. 

The  test  philosophy  anticipated  basing 
any  eventual  clearance  on  the  results  of  these 
measurements  but  to  utilise  fully  the  unique 
opportunity  that  the  tests  offered,  a  range  of 
additional  measurements  was  made.  An  outline 
of  all  test  techniques  employed  is  given  ia 
Table  3.  Fuller  details  of  all  test 
measurements  and  techniques  may  be  found  in 
the  complementary  paper  given  by  RAE  at  this 
Conference.  Ref  (1)* 

The  additional  measurements  made  were  of 
particular  U3e  lit  determining  i.  he 
representation  of  the  test  environment. 
Critical  in  this  respect  are  the  E  field 
surrounding  the  aircraft,  the  peak  current, 
current  waveform,  dl/dt,  dE/dt  and  current 
distribution.  The  test  rig  caters  for  all 
these  explicitly  except  dE/dt,  This  is  an 
urea  of  increasing  importance,  and  valid  test 
techniques  and  agreed  criteria  are  required. 

A  brief  summary  of  aircraft  teat  results 
is  given  in  Table  4, 

3.2  ROLE  OF  BENCH  TESTS  -  The  aircraft 
itself  could  only  be  used  to  obtain  the 
essentia]  dal  abase  rather  than  extend  the 
test  duration  and  variety  of  tests  to  include 
all  desirable  measurements.  Furthermore,  it 
would  not  be  possible  to  expose  any 
' flight-rea ly '  aircraft  to  repeated  simulated 
full  threat  strikes.  Thus  bench  tests  are 
essential  to  provide  the  range  of  data 
required  for  full  confidence  in  the  system, 
particularly  safety  margins  and 

inter-component  variation. 

*Numbers  in  parentheses  designate  References 
at  end  of  Paper 


Generally,  two  options  are  available  to 
provide  this  data,  either  equipment 
qualification  test  results  or  specific  tests 
based  on  aircraft  test  data.  In  both  cases, 
careful  consideration  is  required  to  ensure 
that  all  measurements  are  in  the  optimum 
format  for  cross  comparison.  Particular 
attention  must  be  paid  to  the  read  across  of 
bench  test  results  to  the  real  environment. 

Bench  tests  for  a  particular  channel  were 
not  necessary  if  the  FBW  Jaguar  results  when 
extrapolated  to  full  threat  conditions  were 
within  known  tolerance  levels  ie  manufacturers 
specifications.  However,  the  generally 
limited  extent  of  manufacturers' 
specifications  and,  in  particular,  the  lack  of 
agreed  lighening  qualification  test  criteria, 
meant  that  testing  outside  known  levels  was 
required . 

These  tests  are  currently  being  carried 
out,  therefore,  It  is  not  possible  to  quote 
results  . 

To  minimise  the  risk  to  flight  cleared 
units,  the  majority  of  the  tests  are  being 
carried  out  on  a  combination  of  rig  standard 
units  and  breadboard  circuits.  The  breadboard 
circuits  allow  great  flexibility  in  repeat 
testing  to  enlarge  the  sample  of  components 
and  to  overtest  as  required.  The  breadboard 
circuits  are  commissioned  by  ensuring  that  the 
'transfer  function'  between  input  wire  and 
monitored  component  was  the  same  as  for  the 
actual  computer  circuit.  Since  the  tests  are 
designed  to  clear  one  particular  aircraft, 
testing  to  full  threat  criteria  is  sufficient 
and  overteots  are  made  solely  to  investigate 
circuit  capability. 

Finally,  proof  tests  will  be  carried  out 
on  flight  boxes  at  full  threat  levels  for  10 
examples  of  each  input  type. 

4 .  LESSONS  LEARNED 

It  must  be  emphasised  that  the  many 
valuable  lessons  learned  from  the  FBW  Jaguar 
tests  were  due  to  a  consistent  approach  to  the 
problem  as  if  for  a  production  aircraft  and  a 
full  flight  clearance. 

4,1  DESIGN  ASPECTS  -  From  the  results  of 
the.  lightning  tests  luu  design  features  are 
critically  assessed  below. 

Access  Loor  Gasketting  -  Magnetic  fields 
in  the  NavWass  bay  were  measured  with  the 
knitted  mesh  gasket  around  the  door  both 
insulated  and  operating  normally.  The  results 
are  illustrated  in  Table  A.  It  can  be  seen 
that  the  magnetic,  fields  (<x  dl/dt)  are  reduced 
by  a  factor  of  approximately  two  to  four  by 
using  a  conducting  gasket  around  the  bay  door. 
It  should  also  be  noted  that  waveforms  with  c. 
very  high  HF  consent  were  recorded.  Those 
arose  as  a  result  of  sparking  at  the  interface 
between  the  gasket  and  the  aperture  "la" !" 
This  did  not  arise  in  the  Gun  Bay  door  which 
was  such  that  the  gasket  provided  good 
continuous  contact  around  the  door. 
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As  a  comparison  between  the  performance 
of  the  gasket.ting  on  the  Gun  Bay  door  and  the 
NavWass  Bay  door,  loops  were  placed  in  each 
bay  and  the  voltage  Induced  In  the  loops,  with 
the  gaskets  operating  normally  or  insulated, 
was  recorded  and  compared.  The  results  are 
given  in  Table  4. 

It  can  be  seen  that  the  performance  of 
the  gasket  in  the  case  of  the  Gun  Bay  door  is 
far  superior,  giving  a  reduction  of  induced 
voltage  in  the  region  of  15  times. 

It  is  clear  that  it  is  extremely 
beneficial  to  provide  good  RF  bonding  around 
the  periphery  of  access  doors.  This  should  be 
engineered  with  some  care,  and  included  as  a 
feature  at  the  earliest  stages  of  design. 
Knitted  mesh  gaskets  are  far  from  ideal,  they 
are  not  particularly  durable  and  do  not 
provide  a  weather  seal.  However,  conducting 
rubber  gaskets  are  now  available  which  promise 
to  have  sufficient  performance. 

Cockpit  Wiring  -  An  mentioned  earlier a 
certain  amount  of  FCS  wiring  was  exposed  in 
the  cockpit,  and  was  therefore  protected  using 
an  overall  knitted  mesh  screen  on  the  loom. 
Subsequent  uo  the  testing,  Culham  Laboratory 
carried  out  an  assessment  of  various  loom 
shielding  materials,  the  results  of  which  are 
given  in  Table  5.  it  can  be  seen  that  most  of 
the  knitted  loom  shielding  material  offered 
little  or  no  protection  to  the  contained 
wiring . 

In  addition,  the  constraints  of  the 
installation  allowed  only  fairly  long 
"pigtail"  termination  of  the  braid,  also  some 
side  console  panels  were  manufactured  in 
fibreglass . 

These  three  factors  combined  to  produce 
the  highest  induced  voltages  measured  on  the 
aircraft  during  the  lightning  strike  tests, 
these  were  of  the  order  of  200  V  (extra,,  eel 
to  full  threat  levels)  . 

Wiring  Installation  -  Many  of  the  wiring 
installation  aeaign  features  incorporated  in 
the  FBW  Jaguar  have  been  shown  to  be 
successful  in  so  much  as  the  majority  of 
voltages  measured  at  the  computer  inputs  were 
less  than  50  V.  Those  voltages  which  were 
higher  were  as  a  result  of  a  recognised 
engineering  limitation,  either  a  poorly  chosen 
wiring  run  or  unsatisfactory  earth  bonding  at 
the  ends  of  the  screen.  As  a  result  of 
experience  gained  on  FBW  Jaguar  the  following 
installation  aspects  are  highlighted  : 

(a)  Screening  should  be  earthed  at  both 
ends  via  the  connector  obviating  the  need  for 
"pigtails" . 

(b)  Conduit  or  ducting  is  preferable  to 
knitted  mesh  loom  screening  braids.  If  the 
latter  must  be  used,  then  only  the  heavy  duty 
variety  is  of  any  value.  Both  conduit  and 
braid  should  be  multiply  bonded  to  airframe. 

(c)  Major  attenuation  of  the  induced 
effects  of  lightning  can  be  obtained  by 
suitable  routing  of  wires  close  to  the  metal 
work  of  the  airframe. 


(d)  Wires  crossing  major  structural 
joints  in  the  airframe  (eg  wing/ fusel  age ) 
should  cross  the  join  in  conduit  if  no 
integral  screening  is  available,  and  be  routed 
close  to  major  current  paths  in  order  to 
minimise  loop  area. 

(e)  Low  impedance  termination  of  input 
wires  should  be  used  to  minimise  E  dot 
coupling. 

4.2  AIRCRAFT  TESTING  -  The  whole  aircraft 
simulated  lightning  tests  on  the  FBW  Jaguar 
went  extremely  well  and  yielded  an  extensive 
set  of  valid  data.  However,  the  difficulties 
of  simulating  the  full  threat  lightning 
environment,  made  it  impossible  to  demonstrate 
practically  sufficient  immunity  to  lightning 
effects  to  allow  a  clearance  on  the  basis  of 
simple  test  measurements.  Therefore  the 
analysis  of,  and  conclusions  from,  these  test 
measui ements  must  consider  tne  following 
aspects : 

(a)  Interpretation  of  measured  response 
to  simulated  test  pulses  with  regard  to 
response  to  natural  lightning  strike  at  full 
threat  level. 

(b)  The  effects  of  possible  lightning 
attachment  points  other  than  those  tested. 

(c)  The  representation  in  the  monitored 
circuits  of  all  other  FCS  circuits. 

(d)  Threshold  effects  with  extrapolated 
results  and  also  hardware  variability  between 
units  tested  and  those  used  for  flight. 

(e)  The  efficiency  of  the  various 
protectlva  measures  incorporated  into  the 
aircraft  design  and  the  maintenance  of  this 
efficiency. 

Interpref.atlo _n_  of  Test  Results  with 
regard  to  Full  Threat  Natural  Strike  -  The 
differences  between  the  simulated  pulse  and  a 
full  threat  natural  strike  are  in  the 
inter-relation  and  magnitudes  of  the  main 
electromagnetic  parameters  (di/dt,  I  peak, 
dE/dt).  Provided  that  the  individual  effects 
of  these  parameters  can  be  identified  from  the 
measured  waveform,  the  full  threat  environment 
can  be  accounted  for  by  extrapolating  the  test 
responses  to  full  threat  level  and  combining 
them  in  correct  relation  to  each  other.  The 
only  difficulty  encountered  here  in  the  FBW 
Jaguar  tests  wa  the  absence  of 
internationally  ^reed  full  threat  dE/dt 
values.  The  10  V/m(ser  value  used  is 
probably  over  severe, 

Other  Attachment  Points  -  A  lightning 
clearance  must  reflect  the  possibility  of  a 
strike  between  any  two  aircraft  extremities. 
The  FBW  Jaguar  tests  covered  Nose  -  Tail  and 
Nose  -  Fin  and  thus  consideration  of  a  wing 
tip  to  wing  tip  strike  was  necessary, 
investigation  of  the  wiring  at  risk  revealed  a 
possible  weakness  in  the  Wing/Fuselage 
junction,  and  extra  screening  was  defined  for 
this  crossover  as  a  result.  Due  to  the  good 
segregation  between  FCS  and  standard  Jaguar 
wiring,  no  further  problem  areas  were  found. 
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Adequacy  of  Representation  of  Monitored 
Circuits  -  The  18  monitored  FCS  circuits 
included  representatives  of  all  types  of 
inputs  to  the  computer  and  wiring  routes  plus 
sensor  types  in  the  aircraft.  Thus  it  is 
considered  that  the  measurements  made  are 
valid  representations  of  the  highest  possible 
induced  effects  on  the  FBW  aircraft. 
Therefore,  the  essential  database  has  been 
obtained,  but  bench  tests  are  necessary  to 
enlarge  this  database  and  extend  it  to  cover 
adequately  variation  between  similar  circuits 
and  components. 

It  was  accepted  that  FCC4  may  be  a 
special  case  due  to  its  interface  with  FTI  and 
Autopilot  and  its  remote  earthing.  However, 
the  Bulk  Current  Detector  (BCD)  measurements 
revealed  no  substantial  variations  in  results 
for  FCC4,  and  it  is  a  design  principle  that 
one  FCC  (or  two  if  not  simultaneous)  may  be 
lost  without  effect. 

Threshold  Effects  and  Inter  _B^  £  x 
Variability  -  With  all  extrapolations  beyond 
actual  tested  levels,  there  is  a  danger  that 
at  a  given  threshold  some  untoward  effects  may 
have  occurred.  Similarly,  it  is  possible  that 
a  tested  unit  might  be  hard  (or  soft)  compared 
to  other  units  of  the  same  nominal  standard. 

It  is  only  the  FCS  computers  themselves 
that  are  likely  to  have  such  threshold 
effects,  the  aircraft  wiring  and  sensors  are 
not  at  risk  as  the  500  V  insulation 
specification  adequately  covers  the 
extrapolated  levels  for  Common  Mode  effects. 
Some  analytical  assessments  of  Differential 
Mode  effects  was  necessary  however.  The 
threshold  effects  on  the  computers  will  be 
fully  covered  in  the  bench  tests,  as  will  be 
the  variations  between  circuits  and  components 
of  nominally  similar  characteristics. 

Screening  httlclency  -  Insofar  as  an 
eventual  flight  clearance  with  regard  to 
lightning  is  dependent  upon  the  effectiveness 
of  the  screening  measures  employed,  it  is 
important  to  have  confidence  in  their 
continued  effectiveness. 

As  a  result  of  the  limited  efficiency  of 
the  knitted  mesh  screening,  some  of  the 
aircraft  test  extrapolated  results  are  higher 
than  need  be.  It  is  considered,  from 
comparison  of  standard  Jaguar  and  FCS 
measurements,  that  the  main  screening  effect 
on  the  FEW  Jaguar  airframe  came  from  the 
aluminium  skin,  and  that  cable  screening  Is 
only  of  crucial  importance  (apart  from  EMC 
considerations)  in  exposed  areas. 

There  are  at  present  no  defined 
procedures  for  confirming  the  continued 
effectiveness  of  screening.  On  a  single 
research  aircraft,  such  ns  the  FBW  Jaguar, 
this  is  not  a  problem,  and  occasional  visual 
inspection  of  critical  areas  will  suffice.  A 
more  the  rough  procedure  including  initial 
calibration  of  screen  effectiveness,  would  be 
required  for  future  fleet  aircraft. 


5. 

5.1  IMPACT  OF  CARBON  FIBRE  COMPOSITE 
(CFC)  -  Because  CFC  has  significant  structural 
benefits  over  aluminium,  its  use  in  aircraft 
manufacture  in  significant  quantities  is  here 
to  stay,  and  the  installation  of  electrical 
and  avionic  systems  in  an  airframe  consisting 
of  large  amounts  of  CFC  must  be  designed 
accordingly. 

Electrically,  CFC  has  two  undesirable 
properties.  Firstly,  it  is  not  Sj  good 
conductor,  the  conductivity  of  CFC  is /1000 
that  of  aluminium.  Secondly,  because  the 
manufacturing  process  leaves  a  non-conducting 
layer  of  epoxy  resin  on  the  surface  it  is 
extremely  difficult  to  make  good  electrical 
contact  to  the  material. 

The  problems  associated  with  the  poor 
conductivity  of  the  material,  and  the  poor 
bonding  of  any  joints  made ,  are  : 

(a)  Reduced  shielding  against  HI'  electro¬ 
magnetic  en >rgy  (eg  lightning,  EMP  and 
on-board  and  external  HF  transmitters). 

(b)  Implementation  of  Power  Earth  Returns 

5.2  DESIGN  PHILOSOPHIES  CONSISTENT  WITH 
LARGE  SCALE  USAGE  OF  CFC  -  To  date  aluminium 
alloy  aircraft  have  had  an  electromagnetic 
performance  which  was  reasonably  well  assured 
to  be  adequate  against  the  induced  effects  of 
lightning,  irrespective  of  configuration, 
installation  design,  etc.  In  an  aircraft 
consisting  of  large  quantities  of  CFC,  the 
electrical  avionic  system  design  must  be 
linked  strongly  with  the  structural  design  at 
the  earliest  stages,  in  order  to  avoid 
incurring  expensive  inefficient  design 
modifications . 

Detailed  work  has  been  carried  out  at  BAe 
(Warton)  and  general  solutions  to  the  problems 
outlined  above  have  been  developed.  The 
specific  procedures  to  be  adopted  on  a  future 
aircraft  are  outside  the  scope  of  this  paper 
but  depend  strongly  on  the  location  of  the  CFC 
structure  eg  flying  surfaces  or  fuselage.  The 
options  to  be  considered  Include  metallisation 
cf  the  inner  surface  of  the  areas  of  CFC; 
cable  looms  to  run  in  a  combination  of  conduit 
and  heavy  duty  braid;  improved  induced 
transient  protection  within  equipment.  Each 
of  these  options  has  its  own  particular 
advantages  and  corresponding  cost  and  weight 
implications.  Correct  combination  of  the 
options  will  be  a  vital  management  role. 

5.3  hyuIPMENT  QUALIFICATION  TESTING  -  It 
is  vastly  more  efficient  to  establish  the 
required  levels  of  equipment  immunity  to 
lightning  strike  effects  during  qualification 
tests,  rather  than  have  to  define  extensive 
dedicated  tests  after  the  whol^  aircraft 
simulated  strike  tests.  The  whole  aircraft 
tests  should  rather  be  seen  as  a  final  ’proof 
test’  of  the  system  capability. 

The  problems  associated  with  specifying 
3uch  qualification  tests  are  as  follows  : 
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(a)  There  is  remaining  disagreement  among 
lightning  specialists  as  to  the  parameters  of 
natural  lightning  at  the  altitudes  at  which 
aircraft  generally  get  struck.  In  particular, 
the  severity  and  importance  of  the  E  field 
effects  need  to  be  established. 

(b)  The  threat  levels  to  a  particular 
piece  of  equipment  contained  in  the  aircraft 
depend  not  only  on  the  natural  lightning 
parameters,  but  also  on  the  configuration  of 
the  airframe  and  the  system  and  the  materials 
used.  Detailed  analysis  is  extremely  complex 
and  few  computer  aided  schemes  have  been 
validated . 

(c)  The  spread  in  probability  of  failure 
of  a  component  for  a  given  transient 
overstress  is  large  enough  to  invalidate 
"one-shot"  testing  and  thus  a  suitable  sample 
of  components  must  be  tested. 

(d)  The  absence  of  information  on  the 
capability  of  a  particular  electronic 
component  (resistor,  etc)  to  withstand  likely 
lightning  induced  transient  overstress  makes 
it  impossible  to  compare  measurements  of 
induced  effects  inside  equipment  to  realistic 
failure  levels. 

In  view  of  the  above  difficulties,  i'c 
remains  an  important  management  function  to 
specify  the  qualification  test  criteria  for 
EMI  induced  effects.  Initial  bench  test 
specifications  for  future  BAe  (Warton) 
aircraft  have  been  defined  but  again  detailed 
consideration  of  these  is  outside  the  scope  of 
this  paper. 

5.4  SUMMARY  :  GENERATING  A  FLIGHT 
CLEARANCE  -  The  next  generation  of  military 
aircraft  will  demonstrate  hitherto 
unattainable  performance  characteristics  by 
utilising  the  manifold  benefits  of  fly  by  wire 
flight  control  systems,  composite  stru.  Vues 
and  unstable  airframes.  There  is  no  reason 
why  these  aircraft  of  the  future  need  be 
hampered  by  a  prohibition  to  fly  in  certain 
areas  for  fear  of  lightning  strikes  or 
external  transmissions;  provided  that  known 
design  procedures  are  adhered  to,  and 
carefully  considered  test  programmes  are 
carried  out. 

The  design  procedures  must  give 
particular  attention  to  wiring  routes  and 
screening  as  outlined  in  section  4.1.  Design 
control  procedures  similar  to  those  presently 
used  in  structural  design  will  be  necessary. 
Such  careful  electrical  design  combined  with 
improved  protective  measures  will  allow  full 
utilisation  of  the  structural  benefits  of 
composite  materials  without  undue  degradation 
of  electrical  integrity. 

The  aircraft  manufacturer  will  specify 
the  RF  interference  and  transient  capability 
reouired  of  each  item  of  aircraft  equipment, 
in  the  absence  of  appropriate  agreed 
qualification  test  criteria. 

Whole  aircraft  testing  will  be  required 
to  determine  the  precise  characteristics  of 
the  electrical  systems  as  Installed  in  the 


airframe.  These  tests  must  obtain  the 
essential  representative  database  on  which  the 
eventual  clearance  will  be  based.  It  is 
unlikely  that  the  test  rig  will  be  capable  of 
achieving  full  threat  levels  for  all  relevant 
criteria,  and  also  it  would  not  be  acceptable 
to  expose  a  flight  ready  aircraft  to  the 
repeated  high  level  testing  necessary. 
Consequently,  some  extrapolation  of  results 
will  be  necessary;  a  maximum  factor  of  10  is 
suggested  if  extrapolated  results  are  to  be 
considered  reliable.  The  analysis  of,  and 
conclusions  from,  the  test  results  must 
include  the  considerations  outlined  in  section 
4.2. 

To  allow  for  production  variation  and 
degradation  in  bonding  through  service  life  an 
appropriate  safety  margin  should  be 
demonstrated  between  the  extrapolated  aircraft 
test  results  and  susceptibility  levels 
demonstrated  during  the  equipment  qualificaton 
tests . 

Many  lessons  have  been  learnt  in  each  of 
the  above  areas  from  the  FBW  Jaguar  programme 
of  simulated  lightning  testing  and  are 
currently  being  put  into  practice  at  BAe 
(Warton)  in  the  Agile  Combat  Aircraft 
Demonstrator  programme. 
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r'lG  3  General  test  layout  for  1BW  Jaguar 
simulated  lightning  tests 


88-10 


UPSET  EXPERIMENTATION  IN  COMPUTER-BASED  SYSTEMS* 
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ABSTRACT 

^Computer  system  operation  can  be  adversely  affected  by  physical  disturbances 
emanating  from  a  wide  variety  of  sources.  These  disturbances,  often  transient  in 
nature,  are  manifested  in  computer  systems  as  upsets.  An  upset  of  a  computer 
system  is  defined  as  a  performance  deviation  that  is  based  on  a-priori  operation 
knowledge  of  the  computer  system's  task.  The  results  of  a  computer  system  upset 
can  be  as  obvious  as  a  complete  system  crash  or  as  intermittent  computational 
errors.  Hence,  there  exists  a  need  to  access  computer  system  susceptability/ 
resilience  'relative  to  transient  disturbances  with  systematic  experimentation. 
This  paper  will  discuss  general  issues  relevant  to  that  experimentation.  In  a 
companion  paper  (l),some  actual  fault  injection  experimentation  will  be  detailed 
relative  to  a  particular  microprocessor-based  system. 


*  The  research  reported  in  this  paper  was  funded  by  NASA  Grant  NSG1442. 


UPSETS 


A  properly  functioning  computer-based  system 
executing  an  applications  program  will  have 
/arious  operational  features  that  can  be  used  to 
characterize  its  fault-free  performance.  Three 
such  features  are  the  following: 

program  flow  -  a  characterization  of  the 
executed  code  sequence; 

memory  access  -  a  characterization  of  the 
memory  usage; 

instruction  repertoire  -  a  characterization 
of  instruction  set  usage; 

An  upset  is  a  deviation  of  system  perform¬ 
ance  relative  to  a  known  application  task.  Up¬ 
sets  can  be  described  in  terms  of  the  above  fea¬ 
tures.  As  an  illustration  of  this,  Figure  1 
shows  the  effect  of  a  one  microsecond  fault  in¬ 
jected  on  the  "Read"  control  line  of  a  Z80  micro¬ 
processor-based  system  executing  a  simple  assem¬ 
bly  language  program.  It  is  seen  that  from  the 
perspective  of  that  control  line,  the  injected 
transient  fault  produces  a  series  of  incorrect 
signals,  usually  referred  to  collectively  as  an 
error.  But  ir.  terms  of  monitoring  a  system  so 
as  to  detect/characterize  upset  phenomena,  such 
an  error  would  usually  be  at  too  low  of  a  level 
within  the  context  of  system  operation  to  be  of 
use.  A  higher  level  perspective  of  the  distur¬ 
bance  is  necessary  for  such  monitoring.  Figure  2 
shows  the  results  of  the  injected  fault  from  a 
program  flow  upset  perspective.  It  is  seen  that 
subsequent  to  the  injection,  a  code  sequence 
that  is  unrelated  to  that  observed  in  fault-free 
performance  is  executed  by  the  microprocessor. 
Such  a  code  sequence  could  actually  be  a  pa:  of 
the  applications  program,  and  is  now  being  exe¬ 
cuted  only  because  the  microprocessor-based 
system  when  disturbed  by  the  injected  fault  has 
incorrectly  jumped  to  it.  Such  a  code  sequence 
could  also  be  an  invalid  embedded  code  sequence 
(involving,  perhaps,  the  execution  of  data)  into 
which  the  system  has  jumped  because  of  the  fault. 
In  either  case,  the  system  has  undergone  what  can 
be  referred  to  as  a  program  flow  upset  (i.e., 
invalid  program  flow) . 

To  detect  an  event  such  as  a  program  flow 
upset  by  the  monitoring  of  the  computer-based 
system,  the  monitoring  must  be  done  with  an 
awareness  of  all  valid  execution  sequences  of 
instruction  and  operand  addresses .  Figure  3 
illustrates  one  approach  to  the  design  of  such  a 
program  flow  monitor.  Variations  in  the  design 


of  the  program  flow  monitors  will  be  discussed 
in  detail  in  a  companion  paper  (1) .  The  key 
point  here  is  that  instead  of  utilizing  devia¬ 
tions  caused  by  the  fault  from  the  exact  series 
of  signals  that  should  be  present  on  (in  the  case 
of  the  example)  the  control  line,  monitoring  up¬ 
sets  can  (and  should)  take  a  higher  level  per¬ 
spective  and  utilizes  information  regarding  a 
more  general  feature  of  performance.  The  immedi¬ 
ate  questions  that  this  perspective  raise  regard 
detailed  descriptions  of  types  of  upsets  that  are 
produced  by  faults  and  the  complexity  of  monitor¬ 
ing  at  such  a  level. 

CHARACTERIZATIONS 

Since  an  upset  is  a  system  level  phenomenon 
in  a  computer  system,  it  follows  that  the  details 
of  such  an  event  must  go  beyond  the  hardware 
realm  of  the  system.  Indeed,  fundamental  to  the 
details  of  an  upset  is  the  application  task  of 
the  system  and  its  implementation  as  described  by 
the  operational  software.  In  other  words,  two 
identical  hardware  systems  with  different  soft¬ 
ware  implementations  of  the  same  application  task 
should  be  expected  to  have  different  upset  char¬ 
acteristics  .  To  form  a  framework  so  as  to  be 
able  to  quantitatively  compare  upset  characteris¬ 
tics,  five  categories  of  slightly  more  detail 
than  that  described  in  the  previous  section  have 
been  identified: 

Program  Flow  -  the  proper  sequences  of 

instructions  to  be  executed 
by  the  program. 

Opcode  Set  -  the  set  of  valid  instructions 
to  be  executed  in  the  program. 

Opcode  Address  Domain  -  the  memory  locations 
of  instructions  that  can  be 
fetched  in  the  execution  of 
the  program. 

Read  Address  Domain  -  the  valid  memory 

locations  that  can  be  used 
for  non-opcode  read  opera¬ 
tions  in  the  execution  of  the 
program. 

Write  Address  Domain  -  the  memory  locations 
that  can  be  used  for  write 
operations  in  the  execution 
of  the  program. 

In  experimental  results  regarding  the 
operation  of  a  Z80  microprocessor-based  system 
and  an  INTEL  8085  microprocessor-based  system, 
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(l)-(5)  approximately  75%  of  the  upsets  observed 
fell  into  one  or  more  of  these  five  categories. 
Those  upsets  (approximately  25%)  that  could  not 
be  so  characterized  stand  as  a  clear  indication 
of  how  near  the  surface  the  study  of  upsets 
remains.  But  even  so,  as  described  in  (1),  it 
is  still  possible  to  build  effective  external 
monitoring  devices  based  on  the  above  charac¬ 
terizations  to  serve  as  indicators  of  a  computer 
systems  susceptability /resilience  to  a  fault 
phenomena. 

The  most  common  class  of  upset  seen  in  t.he 
reported  experimentation  to  date  is  invalid  pro¬ 
gram  flow  (l)-(6).  But  any  straightforward 
attempt  to  externally  monitor  system  operation  in 
a  rigorous  way  for  program  flow  upsets  proves  to 
be  memory  intensive.  The  predominance  of  this 
class  of  upset  has  thus  motivated  the  study  of 
alternative,  more  abstract  mcmitoring  approaches. 
In  the  settings  in  which  they  have  thus  far  been 
studied  (1) ,  these  alternatives  have  proven  to 
be  quite  effective.  This  suggests  that  upsets 
can  potentially  be  viewed  in  more  abstract  terms 
than  has  heretofore  been  attempted.  And  this 
stands  as  a  challenging  problem  for  future 
research. 

EXPERIMENTS 

Given  a  computer  system,  to  measure  its 
susceptability/resilience  to  upsets,  fault  injec¬ 
tion  experiments  must  be  performed.  In  such 
experiments,  a  baseline  of  information  describing 
the  system's  fault-free  performance  must  be 
available.  This  can  be  accomplished  by  running 
two  identical  systems  in  parallel  with  only  one 
of  the  systems  being  subjected  to  the  fault 
injections,  and  then  using  explicit  comparisons 
of  operational  microevent  data  to  study  upset 
phenomena.  However,  since  this  requires  the 
availability  of  two  systems ,  it  is  usually  im¬ 
practical.  Alternatively,  "gold  runs"  a.d 
"fault  runs"  can  be  made  on  the  same  system. 

This  is  illustrated  in  Figure  4.  In  the  gold  run, 
no  fault  is  injected  and  the  data  recorded  forms 
the  microevent  baseline  for  comparison  with  that 
of  the  fault  run. 

It  is  crucial  that  sufficient  detail  be 
available  in  the  recorded  microevent  to  recon¬ 
struct  the  upset,  but  too  much  detail  can  confound 
the  analysis.  Usually,  bu3  (data,  address,  and 
control)  signals  relative  to  the  clock  together 
with  fault  insertion  parameters  must  be  recorded. 
Fault  insertion  parameters  include  physical 
placements  (single  or  multiple  insertions  on 
address,  data,  or  control  lines;  power  supply 
noise),  durations  (clock  cycles),  amplitude, 
types  (latch-up,  latch-down,  noise) ,  and  program 
placement  (points  within  a  program  state  (i.e. 
loop)  or  slots  within  a  shell  program) . 

The  recording  of  microev^nt  data  or  even  the 
indicating  of  an  upset  must  be  accomplished  by 
means  of  external  monitoring.  It  is  not  realis¬ 
tic  to  expect  the  system  into  which  the  faults 
are  being  injected  to  also  observe  and  record  its 
own  upset  data.  This  clearly  follows  from  the 
observation  that  since  the  upset  is  a  system  level 


event,  it  can  certainly  affect  whatever  software 
that  has  been  integrated  into  the  system  for  its 
observation/detection.  However,  in  the  ccxnpanion 
paper  (1) ,  it  is  seen  that  rather  simple  devices 
for  external  monitoring  are  feasible  for  at  least 
the  detection  of  upsets.  Such  devices  could  be 
attached  to,  say,  the  bus  lines  and  be  trans¬ 
parent  to  overall  system  operation. 

For  fault  injection  experimentation,  there 
should  be  seme  apriori  knowledge  of  all  possible 
valid  and  invalid  states  that  a  system  can  be 
driven  into  by  a  fault.  If  there  is  no  sense  of 
such  a  containment  set  of  possible  operation,  the 
analysis  of  data  to  characterize  susceptability/ 
resilience  of  the  system  to  upsets  can  be  pro¬ 
hibitively  complex.  The  concept  of  a  containment 
set  relative  to  a  computer  system  has  been  pre¬ 
sented  previously  (5) ,  (6)  and  will  not  be 
reviewed  here.  Suffice  it  to  say  that  the  con¬ 
tainment  set  for  a  computer  system  represents  all 
possible  operational  states.  The  existence  of 
such  a  containment  set  can  be  enforced  in  a  sys¬ 
tem  (5)  by  adherence  to  software  design  rules  and 
modest  hardware  modifications.  If  this  is  done, 
upsets  can  be  significantly  limited,  so  much  so 
that  their  detection  can  be  greatly  simplified. 

As  an  example  of  the  simplification  provided 
in  the  analysis  of  a  system  when  a  containment 
set  is  known,  an  INTEL  8o85-based  system  (5)  has 
been  developed  in  which  the  only  type  of  upset 
that  can  take  place  is  invalid  program  flow.  To 
demonstrate  upset  analysis  with  a  contained  sys¬ 
tem,  a  simple  program  was  written  so  that  there 
were  only  eight  functional  states .  In  other 
words,  when  not  being  driven  by  a  fault,  it  can 
be  verified  that  the  system  was  always  in  one  of 
these  bight  states.  Upsets  in  the  form  of  invalid 
program  flow  could  then  be  measured  in  terms  of 
invalid  transitions  among  these  eight  states. 
Figure  5  to  Figure  10  show  transition  matrices 
that  indicate  invalid  prog mm  gumps.  ror  Ui«»e 
experiments,  bursts  of  power  supply  noise  was 
used  as  the  fault  source.  It  was  generated  by  a 
reverse  biased  emitter  junction  and  amplified  for 
superposition  on  the  five  volt  power  supply. 

In  each  transition  matrix,  the  diagonal 
entries  indicate  the  number  of  times  the  system 
was  started  in  a  state  and  after  a  transient 
fault  (noise  burst  on  the  power  supply)  was 
injected,  remained  in  that  state.  Every  other 
entry,  say,  the  entry  in  row  i  and  column  j  ,  is 
the  number  of  times  an  invalid  program  flow  took 
place  from  state  j  to  state  i  .  For  example,  in 
Figure  5,  consider  row  2; 

0  12 _ 3  4  5  6  7 

2  j'  259  185  9263  185  16  17  10  66 

In  this  eight  state  system,  this  row  indicates 
that,  when  the  system  was  initialized  10,000  times 
in  state  2,  and  then  a  noise  burst  was  injected 
at  a  random  time,  259  times  an  invalid  program 
flow  took  place  to  state  0,  185  times  an  invalid 
program  flow  took  place  to  state  1,  9,263  times 
the  system  remained  in  state  2 ,  185  times  an 
invalid  program  flow  took  place  to  state  3,...,  66 
times  an  invalid  program  flow  took  place  to  state 
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7.  In  summary,  for  this  particular  eight  state 
system  (i.e.,  this  integrated  hardware  and  soft¬ 
ware  complex)  and  this  particular  injected  fault 
(the  details  of  the  noise  burst  (i.e.,  amplitude, 
duration,  frequency  spectrum)  are  not  important 
for  this  discussion),  it  is  seen  that  92.63%  of 
the  injections  did  not  produce  an  invalid  program 
flow  upset  from  state  2.  Moreover,  when  the  sys¬ 
tem  was  in  state  2  and  an  invalid  program  flow 
upset  took  place,  the  system  was  most  likely  to 
jump  to  state  0,  1,  or  3  .  Figure  6  is  simply 
the  transition  matrix  resulting  from  a  repeat  of 
the  experiment  that  produced  the  transition 
matrix  in  Figure  5.  It  is  meant  to  demonstrate 
the  reproducibility  of  the  experimental  data. 
Although  not  identical,  the  two  transition 
matrices  of  Figures  5  and  6  are  quite  similar. 

Figures  7,  8,  9,  and  10  are  meant  to 
indicate,  that  the  details  of  the  injected  trans¬ 
ient  fault  do,  indeed,  have  an  impact  on  the 
system  response.  Using  the  same  eight  state 
system  described  above,  two  types  of  noise  bursts 
were  injected  on  the  power  supply  line.  Again, 
details  of  these  two  noise  bursts  are  not  crucial 
to  the  discussion  and,  furthermore,  would  be 
meaningless  without  an  extended  explanation  of 
the  system's  operational  specifications.  Suffice 
it  to  say  that  the  injected  noise  burst  was 
higher  in  amplitude  and  longer  in  duration  for 
the  injections  that  produced  the  transition 
matrices  of  Figures  7  and  8  than  for  the  injec¬ 
tions  that  produced  the  transition  matrices  of 
Figures  9  and  10.  It  should  also  be  stressed 
that  unlike  the  injections  that  produced  the 
transition  matrices  of  Figures  5  and  6  which  were 
randomly  distributed  throughout  each  state,  the 
injections  for  the  transition  matrices  of  Figures 
7,  8,  9,  and  10  were  all  restricted  to  one  par¬ 
ticular  but  arbitrarily  chosen  point  within  each 
state. 

Figures  7  and  8  correspond  to  repeated 
experiments  that  again  show  reproducibility  for 
the  "high  amplitude-long  duration"  (HALD)  experi¬ 
ments.  Figures  9  and  10  correspond  to  repeated 
experiments  for  the  "low  amplitude-short 
duration"  (LASD)  injections.  For  each  of  these 
repeated  run  experiments,  it  should  be  kept  in 
mind  that  the  injection  was  always  triggered  at 
precisely  the  same  point  in  a  given  state. 
Clearly,  the  difference  in  the  transition 
matrices  for  tne  HALD  experiments  and  the  LASD 
experiments  are  dramatic.  Such  differences 
strongly  underscore  the  notion  that  the  details 
of  the  injected  faults  are  highly  important  in 
experiments  to  assess  a  computer  system's  upset 
susceptability/resilience.  It  furthermore 
stands  as  a  testimonial  to  the  necessity  of 
fault  modeling  research,  for  without  accurate 
models  of  the  perturbing  fault  phenomena, 
experimentally  assessing  the  susceptability/ 
resilience  of  a  computer  system  to  upsets  seems 
quite  difficult.  Finally,  the  possibility  of 
"tuning"  an  external  monitoring  device  so  that 
it  is  sensitive  to  a  particular  upset  character¬ 
istic  (for  example,  given  that  the  system  is  in 
a  particular  state,  an  invalid  program  flow 
monitor  might  give  a  high  priority  to  checking 


whethe.r  the  system  has  made  an  invalid  jump  to 
one  of  those  states  that  are  most  likely  to  be  so 
jumped  into  as  indicated  by  the  tran-'  (.cion  matrix) 
is  seemingly  quite  dependent  on  the  fault  model. 

SUMMARY 

Upset  experimentation  in  computer  systems  is 
still  very  much  in  its  developmental  stages. 
However,  a  number  of  important  factors  that  should 
be  taken  into  account  for  such  endeavors  to  be 
successful  are  now  known.  To  begin,  there  is  a 
need  to  have  some  apriori  knowledge  of  features 
of  upsets.  These  features  are  usually  associated 
with  operational  aspects  of  the  system  being 
studied  and  its  task.  On  the  other  hand,  there 
is  a  danger  of  only  finding  what  one  is  looking 
for  that  must  be  balanced  with  this  perspective. 

It  is  usually  impractical  to  have  duplicate  sys¬ 
tems  for  direct  comparison,  so  the  actual  moni¬ 
toring  of  the  system  must  be  done  with  external 
devices.  These  external  monitors  must  trans¬ 
parently  observe  a  wide  variety  of  operational 
parameters.  However,  there  is  now  evidence  (1) 
that,  such  monitors  can  be  rather  simple  ir.  design. 
The  details  of  the  injected  faults  are  apparently 
crucial  to  the  system  responses.  Hence  fault 
modeling  research  and  efforts  to  extract  generic 
features  of  the  potentially  disturbing  fault 
source  are  extremely  important.  For  without 
realistic  injections,  the  susceptability/resilience 
data  that  is  collected  might  be  irrelevant.  Fi¬ 
nally,  the  apriori  design  of  the  system  so  that 
upset  activity  can  be  contained  is  exceedingly 
useful  and  worthy  of  further  research. 


REFERENCES 

1.  M.  Schmid,  R.  Trapp,  G.  Masson,  and 

A.  Davidoff,  "Monitors  for  Upset  Detection  in 
Computer  Systems,"  Proceedings  of  the  1983 
International  Aerospace  Conference  on  Light¬ 
ning  and  State  Electricity,  June,  1983. 

2.  M.  Schmid,  R.  Trapp,  A.  Davidoff,  and 
G.  Masson,  "Upset  Exposure  by  Means  of 
Abstraction  Verification,"  Proceedings  of  the 
12th  Annual  International  Symposium  on  Fault 
Tolerant  Computing,  June,  1982. 

3.  R.  Glaser  and  G.  Masson,  "Transient  Upsets 
in  Microprocessor  Controllers,"  proceedings  of 
the  11th  Annual  International  Symposium  on 
Fault  Tolerant  Computing,  June,  1981. 

4.  R.  Glaser  and  G.  Masson,  "The  Containment 
Set  Approach  to  Crash-Proof  Microprocessor- 
Based  System  Design,"  The  Proceedings  of  the 
12th  Annual  International  Symposium  on  Fault 
Tolerant  Computing,  June,  1982. 

5.  R.  Glaser  and  G.  Masson,  ‘"The  Containment 
Set  Approach  to  Upsets  in  Digital  Systems," 
IEEE  Transactions  on  Computers,  July,  1982. 

6.  G.  Masson  and  R.  Glaser,  "The  Containment 
Set  Approach  to  Digital  System  Tolerance  of 
Lightning-Induced  Transients,  Proceedings  of 
the  International  Aerospace  Conference  on 
Lightning  and  Static  Electricity,  March,  1982. 


89-4 


( 


EFFECT  OF  TRANSIENT  INJECTED  ON  THE  "READ"  CONTROL  LINE 


-  GOLD  RUN 
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Fig.  1  -  The  effect  of  one  microsecond  transient  fault  on  the  "READ"  control 
line  of  a  8085- based  system. 
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Fig.  2  -  The  results  of  the  injected  fault  of  Figure  1  from  an  upset  perspective. 
An  invalid  program  flow  has  taken  place. 
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Fig.  3  -  A  schematic  of  a  complete  implementation  of  a  program  flow  monitor  that 
would  externally  monitor  a  computer  system  for  such  upsets. 
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Fig .  4 


A  "gold  run"  -  "fault  run"  approach  to  fault  injection  experimentation  of 
a  computer  system. 
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ABSTRACT 

“'The  U1IF  band  radar  at  NAoA/Wallops  Is¬ 
land  Research  Facility  was  ueed  for  guid¬ 
ing  the  NASA  Five  research  aircraft  through 
the  upper  regions  of  storms  with  lightning 
activity  in  them  so  that  the  aircraft  would 
be  strjck  by  lightning.  The  rauar  was  used 
also  as  a  fool  to  study  nature  and  the 
characteristics  of  direct  lightning  strikes 
cn  the  aircraft,  and  to  determine  the  en¬ 
vironmental  conditions  favorable  to  such 
strikes.  The  tnalysis  of  lightning  echoes 
at  the  moments  of  the  strikes  strongly  in¬ 
dicates  that  the  aircraft  itself  triggers 
the  lightning,  rathei  than  intercepting  a 
naturally  produced  flash.  The  lightning 
echo  characteristics  of  the  strikes  are 
similar  to  those  of  intrar.loud  flashes  ,  and 
led  us  to  believe  that  the  aircraft  is  most 
of  the  time  part  of  the  lightning  channel. 
The  probability  of  a  direct  strike  during 
a  storm  penetration  (PDS2  is  defined  here 
as  the  ratio  of  the  number  of  direct 
strikes  on  the  aircraft  to  the  total  number 
of  flashes  occurring  in  the  radar  resolu¬ 
tion  volume  containing  the  aircraft.  Cur- 
relations  befwaen  the  IDS  and  the  intensity 
of  rain  and  turbulence,  temDerature,  and 
Lightning  flash  rate  in  the  storms  pei.e-  - 


A 


t rated  were  investigated.  The  trends  in 
^  these  parameters  indicate  that  the  highest 
risk  of  the  aircraft  being  struck  by  light¬ 
ning  during  o  penetration  in  the  upper  re¬ 
gions  of  thunderstorms  is  when  1)  there  are 
temperatures  of  -40°C  and  lower,  2)  there 
is  little  or  light  precipitation,  3)  there 
is  light  or  .ie  turbulence,  and  4)  there  is 
a  lightning  flash  rate  of  per  min. 

■''<  nf-  A 

IN  OUR  STUDY  OF  THE  ELECTRICAL  INTERACTION 
between  aircraft  and  clouds,  we  are  trying 
to  find  answers  to  the  following  questions; 

1)  Does  the  aircraft  trigger  lightning  or 
does  it  intercept  a  naturally  produced 
lightning  channel?  and,  2)  What  are  the 
environmental  conditions  in  the  cloud  that 
lead  to  a  direct  strike  to  the  aircraft? 

For  reasons  of  safety,  the  flying  condi¬ 
tions  have  been  divided  into  two  categories ; 
non-eleotrically  active  clouds  which  are 
considered  to  be  safe,  and  electrically 
active  storms  which  are  considered  to  be 
risky.  However,  sizable  data  has  been  col¬ 
lected  on  ditect  strikes  to  aircraft  under 
flying  conditions  of  the  first  type.  Sev¬ 
eral  reports  Cl,  2,  3,  4)  have  snown  that 
the  most  probable  region  for  such  strikes 
is  at  or  near  the  freezing  level.  The 
ciicumstantial  evidence,  including  synoptic 
conditions  and  radar  observations  has 
strongly  suggested  that  the  clouds  in  which 
the  aircraft  were  struck  had  no  previous 
lightning  act iv; ,  and  that  therefore  the 
direct  strikes  were  triggered  by  the  ail- 
craft  itself  (5).  A  few  research  programs 
that  have  used  specially  instrumented  air¬ 
craft  for  flying  in  stormy  clouds  have  fo¬ 
cused  mostly  on  measuring  the  electrical 
parameters  of  direct  otrikes  and  nearby 
flashes,  rather  than  on  the  systematic 
study  of  conditions  generally  conducive  to 
lightning  strikes  on  aircraft  in  thunder¬ 
storms  . 

There  is  little  evidence  to  suggest 
that  strikes  to  the  aircraft  in  non-stormy 
end  stormy  clouds  are  different.  A  "static 
discharge"  often  characterized  by  prelimin¬ 
ary  display  of  corona  or  by  buildup  of  ra¬ 
dio  interference  is  typical  in  non-stormy 
clouds,  while  an  abrupt  and  fairly  severe 
discharge  occurs  in  storms'  clouds.  Because 
of  the  possible  difference  in  the  type  of 
discharge  and  conditions  leading  to  it,  it 
seems  logical  to  study  the  electrical  inter¬ 
action  of  aircraft  with  non-stormy  and  stor¬ 
my  clouds  separately.  While  measuring  the 
parameters  of  direct  strikes  is  necessary 
for  designing  and  testing  the  aircraft,  un¬ 
derstanding  the  conditions  of  direct  strikes 
is  important  to  avoid  lightning  hazards  to 
aircraft.  We  think  it  is  necessary  to  iden¬ 
tify  and  determine  the  probability  of  a  di¬ 
rect  strike  to  an  aircraft,  which  may  be 
different  when  flying  through  non-stormy 
and  stormy  clouds. 
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In  this  report,  we  deccribe  some  pre¬ 
liminary  results  of  the  NASA/Langley  storm 
hazards  program  conducted  in  the  Sumner  of 
1982.  Our  emphasis  will  be  on  lightning 
redar  echo  parameters  of  direct  strikes  to 
the  NASA  F1Q6  research  aircraft,  and  the 
conditions  under  which  the  aircraft  was 
struck  during  penetrations  of  thunderstorms. 

EXPERIMENTAL  PROCEDURE 

The  NASA/Wallops  Island  Research  Facil¬ 
ity  in  Virginia  has  been  used  to  provide 
guidance  to  the  F106.  The  facility  in¬ 
cludes  a  UHF  and  an  S-band  (3PANDAR)  rad.?r 
with  the  capability  of  aircraft  tracking. 

The  operational  characteristics  of  these 
radars  are  described  in  (6).  The  UHF  rad¬ 
ar  was  used  to  detect  the  range,  azimuth, 
and  elevation  angle  of  echoes  from  ionized 
lightning  channels.  A  special  device  was 
designed  to  count  the  number  of  lightning 
echoes  in  a  selectable  range  interval  a- 
long  the  radar  beam.  This  allowed  us  to 
determine  in  real  time  the  location  of  a 
lightning  activity  core.  A  storm's  reflec¬ 
tivity  and  lightning  activity  observed  pri¬ 
or  to  and  between  storm  penetrations  were 
ured  for  selecting  the  storm  and  the  alti¬ 
tude  of  the  next  penetration.  The  initial 
assumption  for  the  aircraft  guidance  was 
that  the  storm  regions  with  the  most  in¬ 
tense  lightning  activity  are  the  most  like¬ 
ly  regions  where  the  F106  would  be  struck. 
Accordingly,  the  F106  was  guided  through 
the  upper  core  of  lightning  fJath  density 
(i.e.,  flashes  per  min  per  km  of  range)  in 
the  storm,  which  is  usually  above  -30  C 
level  (6).  The  advantages  of  flying  at 
these  altitudes  are  that  tnere  is  only  a 
minimal  risk  of  hail  damage  to  the  aircraft 
and  there  is  less  turbulence.  The  method 
of  guiding  the  F106  research  aircraft  with 
the  SPANDAR  and  the  UHF  radars  has  proven 
to  be  very  effective.  During  the  44  pene¬ 
trations  conducted  with  this  method  in  the 
Summer  of  1982,  the  F106  was  struck  49 
times,  i.e.,  an  average  of  about  one  strike 
per  penetration.  The  maximum  number  of  di¬ 
rect  strikes  during  the  penetration  of  a 
single  storm  (cell)  was  4.  By  tracking 
the  aircraft  in  the  storm  with  both  radars , 
we  obtained  data  of  lightning  echoes  for 
strikes  to  the  aircraft  as  well  as  the 
cloud  reflectivity  level  within  the  air¬ 
craft  vicinity. 

TRIGGERING  LIGHTNING  BY  THE  F106 

In  every  case  of  a  direct  lightning 
strike  to  the  aircraft  when  the  F106  was 
tracked  by  the  UHF  radar,  there  was  a  light¬ 
ning  echo  recorded.  In  only  one  of  these 
“vents  did  other  lightning  echoes  exist  in 
the  vicinity  of  the  aircraft  within  500  ms 
before  the  strike  to  the  aircraft.  The  on¬ 


ly  case  was  a  flach,  which  occurred  about 
1.8  km  from  the  F106,  that  was  followed  by 
tne  direct  strike  190  ms  later.  Based  on 
both  radar  date  and  the  visual  observations 
by  the  crew,  the  lightning  flashes  were 
separate  events.  We  analyzed  the  echo  de¬ 
velopment  of  flashes  that  struck  the  air¬ 
craft  with  a  time  resolution  of  16.6  ms 
(i.e.,  of  one  TV  field),  and  found  that 
every  lightning  echo  starts  directly  from 
(on  top  of)  the  F106  echo.  Fig.  1  shows  a 
typicnl  example  of  such  an  echo.  If  the 
strike  to  the  aircraft  were  caused  by  a 
naturally  occurring  flash,  i.e.,  the  air¬ 
craft  intercepted  an  existing  flash,  we 
would  expect  to  see:  1)  the  echo  in  the 
radar  beam  at  some  distance  from  the  air¬ 
craft,  2)  progression  of  this  echo  toward 
the  aircraft,  and  3)  the  lightning  echo 
spreading  across  the  aircraft,  at  the  in¬ 
stant  of  the  strike.  However,  none  of  the 
lightning  flashes  with  this  pattern  of  echo 
development  (Fig.  2)  ever  struck  the  F106. 
Thus,  the  analysis  of  the  UHF  radar  data  of 
direct  strikes  to  the  aircraft  strongly  in-’ 
dicates  to  us  thnt  the  direct  strikes  were 
triggered  by  the  aircraft  itself. 

ECHO  CHARACTERISTICS  OF  DIRECT  STRIKES  TO 
THE  F106 

The  maximum  radar  cross  section  (RCS) 
of  each  lightning  echo,  its  duration,  and 
range-time  variation  for  each  direct  strike 
to  the  F106  have  been  analyzed.  The  F106 
echo  itself  was  always  at  least  20  dBZ  less 
than  that  from  a  lightning  flash,  i.e.,  its 
contribution  to  RCS  of  a  flash  is  neglig¬ 
ible.  We  have  characterized  the  range-time 
variation  of  echoes  by  their  continuity  in 
time  and  movement  of  the  echo  along  the  ra¬ 
dar  beam.  In  the  first  category,  we  separ¬ 
ated  cases  of  single  cycle  echo  development 
from  the  multicycle  one  with  time  intervals 
between  cycles  jC170  ms  (7),  by  analogy  with 
single  and  r,ultistroke  cloud-to-ground 
flashes.  In  the  second  category,  we  ident¬ 
ified  three  different  types  of  echo  devel¬ 
opment:  1)  stationary,  2)  bidirectional, 

which  progresses  in  both  directions  from 
the  F106,  and  3)  unidirectional,  which 
moves  in  only  one  direction  from  the  F106. 
The  majority  of  direct  strikes  are  the  sin¬ 
gle  cycle  (98%)  and  bidirectional  (79%)  it. 
range  development .  Ihe  lightning  echo  wnich 
begins  at  the  aircraft  and  simultaneously 
moves  toward  and  from  the  radar  with  a  con¬ 
tinuously  high  RCS  at  the  aircraft  is  in¬ 
dicative  of  the  aircraft  being  a  part  of 
the  lightning  channel  during  the  entire 
flash.  From  the  histograms  of  echo  duration 
for  both  direct  strikes  to  the  aircraft  and 
naturally  occurring  flashes,  which  are  pro¬ 
bably  intracloud  (1C)  due  to  the  high  alti¬ 
tude  (Fig.  3a, b),  we  find  no  substantial  dif¬ 
ference  in  flash  duration.  A  comparison  of 
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Fig.  2  -  Radar  echo  development  of  a  lightning  flash  propagated  in  space,  which 
paused  by  the  F106  research  aircraft  without  striking  it.  The  lightning  echo  ap¬ 
pears  at  the  left  side  of  picture  A,  and  propagates  in  range  from  the  radar  (to 
the  right)  with  an  average  radial  velocity  of  2.2xl03  m/s 


the  RCS  of  the  naturally  occurring  light¬ 
ning  flashes  and  direct  strikes  also  shows 
no  apparent  difference  between  them.  Thus, 
based  on  our  radar  measurements,  we  believe 
that  flashes  triggered  by  the  aircraft  pene¬ 
trating  the  upper  region  of  a  storm  are  not 
much  different  from  natural  1C  flashes. 
However,  we  do  find  a  difference  in  the 
range  development  of  direct  strike  and  IC 
flash.  Very  often  an  echo  from  an  IC  flash 
moves  along  the  radar  beam  as  a  sea  wave, 
the  crest  of  which  is  the  maximum  RCS  at  any 
given  moment.  On  the  contrary,  the  direct 
strikes  (85%  of  cases)  commonly  have  their 
maximum  RCS  at  the  aircraft  while  the  echo 
itself  propagates  uni-  or  bidirectionally 
in  range.  For  comparison  we  present  in 
Fig.  3c  the  histogram  of  the  single-cycle 
echoes  from  cloud-to-ground  flashes  (CG) . 

The  CG  flashes  were  verified  jy  the  elec¬ 
tric  field  changes  (8).  The  radar  echo  of 
CG  flashes  and  its  peak  (the  maximum  RCS) 
is  stationary  in  range  in  most  cases  (96%), 
very  much  like  the  maximum  RCS  of  a  direct 
strike.  However,  the  average  echo  duration 
of  CG  flashes  (390  ms)  is  much  shorter  than 
that  of  direct  strikes  to  the  aircraft  (630 
ms).  This  difference  in  durations  indic¬ 
ates  to  us  the  presence  of  continuous  cur¬ 
rent  in  the  direct  strike  to  the  aircraft. 
Such  a  suggestion  was  made  in  an  earlier 
study  in  France  (9),  based  on  records  of 
the  current  flow  along  the  aircraft  skin. 

PROBABILITY  TO  BE  STRUCK  BY  LIGHTNING 

In  determining  the  conditions  of  direct 
strikes  to  the  aircraft,  we  looked  at  en¬ 
vironmental  parameters  such  as  rain,  turbu¬ 
lence,  and  lightning  flash  rate,  as  well  as 
the  number  of  direct  strikes  during  storm 
penetrations.  In  addition,  we  thought  it 
was  important  to  determine  the  factor  of 
risk  for  the  aircraft  being  struck.  We 
define  this  risk  factor  as  the  probability 
of  a  direct  strike  while  penetrating  the 
storm  (PDS)  ,  which  is  the  ratio  of  the  num¬ 
ber  of  strikes  to  the  F106  to  the  total 
number  of  lightning  flashes  in  the  radar 
resolution  volume  of  a  length  of  150  m  which 
contains  the  aircraft  echo.  The  latter 
flashes  have  echoes  spread  across  the  air¬ 
craft  echo.  The  concept  of  the  probability 
of  a  direct  strike  was  introduced  first  by 
Fitzgerald  (10).  However,  Fitzgerald  meas¬ 
ured  the  PDS  as  a  ratio  of  the  number  of 
strikes  to  aircraft  to  the  total  number  of 
flashes  in  the  storm  determined  from  elec¬ 
tric  field  changes  recorded  on  an  aircraft 
flying  above  the  storm.  As  recent  studies 
(6,  11)  show,  the  lightning  activity  in 
some  storms  tends  to  be  separated  into  an 
upper  and  a  lower  center.  Therefore  it 
seems  reasonable  to  include  in  our  PDS  on¬ 
ly  the  flashes  in  the  upper  region  of  the 
storm  penetrated  by  the  F106. 
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DURATION  OF  ECHO  (») 

Fig.  3  -  Histograms  of  radar  echo  duration 
of  a)  direct  lightning  strikes  to  the  F106 
measured  at  the  aircraft;  b)  naturally  oc¬ 
curring  lightning  flashes  at  high  altitudes, 
presumably  intracloud  in  the  majority;  c) 
naturally  occurring  cloud-to-ground  flashes 
verified  by  the  electrical  field  changes. 
Population  includes  single  stroke  CG  flashes 
and  first  strokes  of  multistroke  CG  flashes 

The  beginning  and  the  end  of  penetra¬ 
tion  were  found  in  the  UHF  radar  data,  when 
possible.  Otherwise,  we  used  the  crew's 
visual  observations  from  the  voice  log  to 
determine  these  times.  In  most  cases,  a 
penetration  was  through  a  single  storm  or 
cell  in  a  squall  line,  and  lasted  less  than 
1.5  min.  During  two  of  thirty-eight  pene¬ 
trations,  the  UHF  radar  indicated  no  light¬ 
ning  activity  in  the  storm  prior  to  pene¬ 
tration,  and  the  direct  strikes  to  the  F106 
were  the  only  lightning  flashes  that  occur¬ 
red.  In  the  remaining  36  cases,  the  storms 
contained  lightning  before  the  F106  enter¬ 
ed  them.  The  PDS  and  its  dependence  on  en¬ 
vironmental  conditions  in  the  storms  was 
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determined  for  these  penetrations.  Fig.  4 
shows  that  the  PDS  is  not  much  different  for 
regions  containing  no  or  light-to-moderate 
precipitation,  but  it  decreases  considerably 
for  heavy  precipitation.  The  PDS  tends  to 
decrease  with  the  increase  in  turbulence 
(Fig.  5).  We  have  some  doubt  as  to  the  ac¬ 
curacy  of  estimates  of  the  precipitation 
and  turbulence  intensity  by  the  aircraft 
crew,  especially  in  distinguishing  between 
light  and  moderate.  However,  the  trend 
mentioned  above  is  very  noticeable  when  we 
compare  the  PDS  in  the  category  without 
rain  (turbulence)  to  that  in  the  category 
of  heavy  rain  (turbulence).  From  the  re¬ 
corded  temperature  inside  the  storm  meas¬ 
ured  on  board  the  F106 ,  we  find  that  the 
PDS  increases  steadily  with  decreasing 
cloud  temperature,  or  increasing  altitude 
(Fig.  6).  We  also  examined  the  flash  rate 
which  characterizes  the  lightning  activity 
in  the  storm  penetrated  by  the  aircraft. 

The  average  PDS  for  storms  with  different 
flash  rates  is  shown  in  Figure  7.  From  this 
we  see  that  the  average  risk  of  being  struck 
by  lightning,  i.e.,  trigger  a  flash  to  the 
aircraft,  decreases  in  storms  with  higher 
rates  of  naturally  occurring  lightning. 


Fig.  5  -  Level  of  turbulence  within  the  storm 
penetrated  by  the  F106  aircraft  and  the  prob¬ 
ability  of  direct  strike.  The  total  number  of 
penetrations  is  36.  The  shaded  columns  are 
the  percentage  of  all  penetrations  that  were 
made  versus  the  level  of  turbulence  reported 
by  the  aircraft  crew  during  the  penetration. 
The  dots  are  the  average  probability  of  di¬ 
rect  strike  (PDS)  for  the  number  of  penetra¬ 
tions  shown  in  parentheses.  The  vertical  bars 
are  the  90%  confidence  intervals 


RAIN  INTENSITY 


Fig.  4  -  Rain  intensity  in  storms  penetrated 
by  the  F106  aircraft  and  the  probability  of 
direct  strike.  The  total  number  of  penetra¬ 
tions  is  36. 

The  shaded  columns  are  the  percentage  of 
all  penetrations  that  were  made  versus  the 
level  of  rain  intensity  reported  by  the  air¬ 
craft  crew  during  the  penetration.  The  dots 
are  the  average  probability  of  direct  strike 
(PDS)  for  the  number  of  penetrations  shown 
in  parentheses.  The  vertical  bars  are  the 
90%  confidence  intervals 


Fig.  6  -  Temperature  inside  the  storms  pene¬ 
trated  by  the  F106  aircraft  and  the  probabil¬ 
ity  of  direct  strike.  The  total  number  of 
penetrations  is  35.  The  shaded  histogram  is 
the  percentage  of  all  penetrations  that  were 
made  versus  the  temperature  inside  the  storm 
during  the  penetration.  Tne  dots  are  the 
average  PDS  for  the  number  of  penetrations 
shown  in  parentheses.  The  vertical  bars  are 
the  90%  confidence  intervals 
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Fig.  7  -  Lightning  flash  rate  in  storms  pene¬ 
trated  by  the  F106  aircraft  and  the  probabil¬ 
ity  of  direct  strike.  The  total  number  of 
penetrations  is  36.  The  shaded  histogram  is 
the  percentage  of  all  penetrations  that  were 
made  versus  the  flash  rate  during  the  pene¬ 
tration,  The  dots  are  the  average  PDS  for 
the  number  of  penetrations  shown  in  parenthe¬ 
ses.  The  vertical  bars  are  the  90%  confidence 
intervals 

CONCLUSIONS 

The  UHF-band  radar  with  its  conical  an¬ 
tenna  pattern  is  an  effective  tool  for  the 
study  of  direct  strikes  to  aircraft.  It  has 
provided  us  with  the  observational  evidence 
that  the  aircraft  actually  triggers  light¬ 
ning  in  the  upper  regions  of  storms.  The 
radar  technique  described  here  can  be  us ^d 
in  future  studies  to  determine:  1)  the  PDS 
in  storms  at  different  altitudes  as  a  func¬ 
tion  of  environmental  parameters  and  storm 
development,  and  2)  the  nature  of  direct 
strikes  to  the  aircraft  in  nonstormy  clouds. 

Our  observations  that  the  highest  strike 
rate  occurs  at  the  -40  C  level  sgrees  with 
those  by  Fitzgerald  (10)  and  by  Fisher  and 
Fluraer  (12).  The  suggestion  about  similar¬ 
ity  between  direct  lightning  strikes  to  the 
aircraft  and  natural  intracloud  flashes 
made  by  Clifford  and  Kazemir  (3)  is  support¬ 
ed  by  our  measurements  of  radar  echo  para¬ 
meters.  The  relatively  long  duration  of 
the  echo  from  direct  strikes  to  the  aircraft 
is  good  evidence  for  the  presence  of  a  con¬ 
tinuing  current  in  strikes  reported  by  French 
scientists  (9). 

We  discovered  that  the  PDS  in  storms  with 
a  flash  rate  of  ^20  l/min  is  very  low,  while 
the  PDS  in  storms  with  a  rate  of  ^  5  l/min 
is  much  higher  than  that  in  the  active  storms. 
The  observation  of  a  similarly  small  number 
of  strikes  in  regions  of  extensive  lightning 
activity  was  reported  by  Newman  et  al.  (13). 


In  the  absolute  majority  of  penetrations, 
visual  observations  of  flashes  by  the  air¬ 
craft  crev  coincided  with  the  UHF  radar  data. 
The  exceptions  were  a  few  cases  with  high 
reflectivity  levels  in  the  cloud. 

We  believe  that  the  probability  of  di¬ 
rect  strike  (PDS)  to  aircraft  in  thunder¬ 
storms,  which  takes  into  account  only  light¬ 
ning  flashes  occurring  in  the  vicinity  of 
the  aircraft,  can  serve  as  an  estimate  of 
the  risk  factor  of  lightning  hazards  to  avi¬ 
ation.  The  trends  in  the  relationship  be¬ 
tween  the  PDS  and  environmental  parameters 
of  the  storm,  determined  as  a  result  of  this 
study,  indicate  that  the  upper  regions  of 
thunderstorms  1)  at  temperature  levels  of 
-40  C  and  lower,  2)  with  light  or  no  pre¬ 
cipitation,  3)  with  light  or  no  turbulence, 
and  4)  with  a  lightning  flash  rate  of  ^10 
l/min  hold  the  highest  risk  for  aircraft  to 
trigger  lightning  during  the  penetration. 
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ABSTRACT 

— ^Experiments  havs  been  carried  out  to  determine  the  electric  field,  E CJ,  required 
to  obtain  carotin  from  both  ice  particles  and  colliding  drcp-peirs.  In 
case  it  was  found  that  corona  currents  of  about  0 .  '{<£!$)  and  ■  above  c'outLd 
from  ice  oarticles  a  few  millimetres  in  length  f or  (EC~4T  x  (1  O^V  m-l^for 
temperature  and  pressure  likely  to  occur  in  the  mid-legions 'of  a  thun/i 
These  currents  were  drastically  reduced  if  temperature  was  below  —18 “C 


reduction  in  surface  conductivity  suffered  by  the  ice  sample.  In  the 
experiments* a  pair  of  water  drops,  of  radii  R=2.7mm  and  r*0.h5mm,  coll 
relative  velocity  of  Values  of  Ec  ranged  from  ~  5  x  lO^V  m- 

collisions  to (~  2.5  x  1CHV  m-*"1  for  glancing  collisions  which  produce, 
long  liquid  filaments. 
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A  MAJOR  DIFFICULTY  in  explaining  the 
initiation  of  lightning  lies  in  the  fact 
that  in  order  to  account  for  the  develop¬ 
ment  of  the  stepped  leader  one  requires 
the  existence  of  electric  fields  of  about 
2  x  1  0°V  whereas  the  largest  reli¬ 

ably  measured  values  of  the  electric  fields 
existing  in  the  mid-regions  of  a  thunder¬ 
cloud  do  not  exceed  a  value  of  4  x  lO^Vm-^ 
(2).  Clearly,  some  means  of  intensifying 
the  amoient  field  is  required  in  order  to 
explain  this  discreoancy.  Many  investiga¬ 
tors  have  favoured  the  suggestion  that 
lightning  is  triggered  by  corona  dis¬ 
charges  emanating  from  the  surfaces  of 
raindrops  that  are  highly  deformed  by 
electrical  forces.  This  mechanism  was 
investigated  experimentally  by  Richards 
and  Dawson  (3)  who  suspended  large  drops 
in  a  vertical  wind  tunnel  at  a  pressure  of 
about  one  atmosphere  in  the  presence  of  an 
electric  field,  and  found  that  corona  was 
induced  by  hydrodynamic  instability  at  the 
top  surface  of  the  drop  under  the  influ¬ 
ence  of  the  electrical  forces.  For  un¬ 


charged  drops 
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charge  of  the  appropriate  sign, 
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Further  support  for  the  suggestion  that 
corona  could  be  the  triggering  mechanism 
came  from  the  work  of  Phelps(4,1)  who 
showed  that,  at  NTR  positive  corona  stream¬ 
ers  will  propagate  indefinitely  if  the 
ambient  electric  field  is  ~  4  x  lU^V  , 
and  will  intensify  if  the  field  exceeds 
this  value.  In  the  lower  pressure  environ¬ 
ment  of  the  thundercloud,  the  value  of  the 


field  required  to  j 
is  probably  around 


ust  permit  [propagation 
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LABORATORY  EXPERIMENTS 


I n  this  section  we  describe  experi¬ 
ments  designed  t.o  investigate  the  condi¬ 
tions  under  which  corona  may  be  produced 
from  two  further  possible  sources.  The 
first  involves  the  collision  of  a  pair  of 
raindrops  in  a  strong  electric  field,  pro¬ 
ducing,  temporarily,  an  elongated  filament 
of  water,  which  provides  a  favourable  site 
for  the  initiation  of  corona.  I  he  second 
examines  the  conditions  under  <\hich  corona 
may  be  initiated  from  the  extremities  of 
ice  hydrometeors.  These  studies  have  been 
described  in  full  by  Crabb  and  Latham  (5) 
and  Griffiths  and  Latham(6). 

In  the  first  set  of  experiments,  con¬ 
ducted  at  a  pressure  of  one  atmosphere, 
pairs  of  water  drops  were  caused  to  collide 
: n  a  region  of  strong  vertical  electric 
field  between  two  parallel  plate  elec¬ 
trodes.  The  larger  of  the  two  drops  was 


allowed  to  fall  vertically  through  a  hole 
in  the  upper  electrode.  The  release  of 
tnis  drop  was  used  to  trigger  the  ejection 
of  a  smaller  drop  upwards  through  a  hole 
in  the  lower  electrode  from  a  small  wind 
tunnel  located  beneath  the  electrode  sys¬ 
tem.  The  two  drops  could  be  made  to  pro¬ 
duce  different  types  of  collision  by  vary¬ 
ing  the  relative  trajectories.  Measure¬ 
ments  were  made  of  the  value  of  the  elec¬ 


tric  field,  Ec,  required  to  initiate 
corona  from  the  colliding  pair.  For  two 
drops  of  radii  R=2.7mm  and  r*0.65mm,  col¬ 
liding  with  a  relative  velocity  of  5.8m  S" 
(a  value  close  to  the  difference  in  term- 
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inal  velocities  for  drops  of  these  sizes 
falling  in  air)  it  was  observed  that  the 
large  drop  went  into  the  "oag-mode’1  for 
central  collisions,  whilst  for  more  glanc- 
collisions  a  liquid  filament,  typically 
several  times  R  in  length,  was  drawn  out 
between  the  separating  drops  and  eventually 
collapsed.  The  values  of  Fc  decreased 
with  increasing  values  of  L  -  the  length 
of  the  combined  drop-pair  in  the  direction 
of  the  field  at  the  moment  of  separation  - 
which  itself  increased  as  the  collisions 


became  less  central.  Ec  ranged  from  about 
5  x  lO^V  for  head-on  collisions  to 

about  2.5  x  1 O^V  for  glancing  colli¬ 

sions  producing  the  longest  filaments. 

A  small  number'  of  corona  pulues,  each 
carrying  about  1  CP*  of  charge,  accompa¬ 
nied  each  corona-producing  collision. 

The  experiment  on  corona  from  ice 
particles  were  performed  in  a  low-pressure 
chamber  in  which  the  ice  sample  under  test 
could  be  suspended  by  freezing  it  onto  a 
quartz  fibre  which  was  located  so  that  the 
ice  sample  was  centrally  located  between 
two  parallel-plute  slectrodes  across  which 
a  known  voltage  could  be  maintained,  there¬ 
by  providing  a  region  of  uniform  electric 
field.  The  temperature  and  pressurs  within 
the  chamber  could  be  maintained  at  any  de¬ 


sired  values  in  the  ranges  0°C  to  -BD°C, 
and  2  x  1  CP  to  iCPPa  respectively.  The 
ice  samples  were  grown  from  the  vapour  in 
diffusion  chambers,  and  particular  crys¬ 
tals  could  be  selected  for  investigation. 
Artificial  hailstone3  cculd  be  produced  by 
freezing  successive  layers  of  water  onto 
an  ice  pellet  which  had  been  attached  to 
the  quartz  fibre.  Having  located  the  ice 
crystal,  which  was  typically  a  few  milli¬ 
metres  in  length,  the  electric  field  was 
slowly  increased  until  the  point  was  reached 
at  which  corona  was  initiated  from  the 


extremities  of  the  ice  sample.  The  value 
this  field,  Ec,  was  noted.  The  corona 
discharges  could  be  monitored  on  either 
an  oscilloscope  or  a  sensitive  ammeter, 
and  could  also  be  seen  with  the  dark- 


adapted  eye,  the  experiments  being 


'Numbers  in  parentheses  designate  References  at  the  end  of  the  paper 


performed  in  a  darkened  room.  Using  this 
method,  values  of  Ec  were  determined  for  a 
large  number  of  ice  crystals  of  various 
types  (needles,  prisms,  plates  and  den¬ 
drites)  and  rough  ice  spheres  approximat¬ 
ing  hailstones,  as  a  function  of  pressure 
and  temperature.  Other  variables  studied 
included,  size,  shape,  purity,  and  orien¬ 
tation  in  the  field.  It  was  found  that 
the  current  at  the  onset  of  corona  was 
about  O.luA  in  all  cases  studied,  indepen¬ 
dent  of  pressure,  and  also  of  temperature 
in  the  range  0°C  down  to  -18°C;  below 
which  temperature  a  drastic  reduction  in 
the  magnitude  of  the  corona  current  was 
observed.  This  was  examined  in  some  detail 
and  it  was  concluded  that  this  effect  was 
due  to  the  fact  that  at  this  point  the 
surface  conductivity  of  the  ice  Bample 
fell  below  the  value  required  to  permit 
the  currents  needed  for  continuous  corona, 
the  bulk  electrical  conductivity  being  in¬ 
adequate  at  all  temperatures  to  permit 
such  currents  to  flow.  It  was  found  that 
Ec  was  a  linear  function  of  pressure  for 
any  particular  ice  sample,  typical  values 
being  about  4  x  1 O^V  m~‘  at  5  x  lO^Pa 
pressure,  and  8  x  10^V  m-^  at  1  O^Pa  for 
crystals  of  a  few  millimetres  in  length. 

No  clear-cut  relationship  between  Ec  and 
crystal  length  was  found,  and  it  was  con¬ 
cluded  that  the  surface  structure  at  the 
discharging  tips  of  the  ice  crystal  on  the 
microscale  was  more  important  than  length 
in  determining  the  value  of  Ec. 

DISCUSSION 

These  experiments  demonstrate  that  both 
colliding  water  drops  and  ice  crystals 
can  give  rise  to  corona  discharge  in  con¬ 
ditions  likely  to  occur  in  the  mature 
stages  of  thundercloud  growth.  Of  course, 
not  all  corona  discharges  will  necessarily 
lead  to  a  lightning  stroke.  The  fste  c P 
ions  produced  by  corona  that  do  not  sub¬ 
sequently  give  rise  to  l:'ghtning  will  be 
to  affect  the  ionic  conductivity  of  the 
cloud.  Griffiths,  Latham  and  Myers  (7) 
have  shown  thet  in  the  case  of  corona  from 
ice  crystals,  a  concentration  of  one  dis¬ 
charge  site  per  metre^  will  be  sufficient 
to  increase  the  equilibrium  ion  concentra¬ 
tion  within  the  cloud  to  values  cumpsra'ole 
with  those  in  clear  air  at  the  same  alti¬ 
tude,  However,  in  the  case  of  colliding 
drop-pairs,  the  *‘requency  of  collisions 
and  tne  quantities  of  charge  released  per 
event,  are  not  sufficient  to  affect  the 
ionic  conductivity  significantly. 

On  the  question  of  lightning  initia¬ 
tion,  the  types  nf  corona  event  described 
here  have  a  number  of  features  which  appear 
to  be  particularly  conducive  to  the  produc¬ 
tion  of  systems  of  propagating  and  growing 
of  positive  strjamers  that  probably  consti¬ 
tute  the  embryo  lightning  stroke.  Collid- 


drop-pairs  can  give  corona  in  fields  con¬ 
siderably  leas  than  those  required  by  any 
other  known  mechanism  thet  could  occur  in 
a  thundercloud.  However,  the  quantities 
of  charge  released  are  restricted  to  values 
similar  to  those  released  by  single-drop 
corona.  Additionally,  a  considerable 
fraction  of  such  discharges  will  occur  in 
fields  which  ere  less  than  those  required 
to  permit  positive  streamer  propagation. 

On  the  other  hand,  it  is  evident  that 
where  fields  greater  than  the  propagation 
field  exist,  colliding  drop-pairs  can  give 
rise  to  very  vigorous  discharges,  eince 
the  ambient  field  must  then  be  consider-! 
ably  in  excess  of  the  minimum  corona 
onset  fiBld. 

In  considering  the  properties  of  ice 
particles  as  corona  sources,  one  of  the 
most  important  features  is  the  fiact  that 
both  polarities  of  discharge  can  occur 
simultaneously,  so  that  the  quantity  of 
charge  released  is  not  limited  either  by 
the  accumulation  of  charge  on  the  hydro¬ 
meteor,  as  it  is  in  the  case  of  a  single 
drop,  or  by  the  short  duration  of  the 
source's  existence,  which  may  be  a  limiting 
factor  for  colliding  drop-pairs.  Because 
of  this  property,  ice  particles  jan  pro¬ 
duce  large  numbers  of  the  highly  mobile 
positive  streamers  at  one  end,  whilst  the 
less  mobile  negative  ions  are  produced  et 
the  other  end. 

These  experiments  indicate  that  corora 
discharges  from  both  hydrometeors  and  col¬ 
liding  drop-pairs  are  of  primary  importance 
in  lightning  initiation. 
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ABSTRACT 

Since  BENJAMIN  FRANKLIN, it  has  been  known  chat  lightning  bolts  are  enormous 
electrical  sparks.  For  over  230  years,  many  efforts  have  been  mcde  in  vain  to 
explain  the  production  of  thunderstorm^electricity.  All  known  physical  methods 
have  been  utilized  except  one:  the  generation  of  electricity  by  electromagnetic 
induction  (e.m.i.)  has  hitherto  not  been  used  as  a  basis  for  a  thunderstorm  theory. 

All  presuppositions  for  the  application  of  the  e.m.i.  to  a  cloud  are  present, 
because  there  exists  electrical  conductors  in  form  of  water  droplets  which  are 
moved  by  winds  in  the  magnetic  field  of  the  earth. 

The  new  theory,  giving  the  possibility  of  involving  new  parameters  -  the  wind 
and  the  geomagnetic  field  -  in  the  research  programs,  is  substaintiated- in  many 
points  by  observations.  i  !.■  i  .  / 
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A)  THUNDERSTORM  RESEARCH  DURING  ANTIQUITY 

The  first  attempts  at  explanation  were 
made  in  the  sixth  and  fifth  centuries  B.C.  by 
the  "Ionic"  natural  philosophers  ANAXIMANDER, 
EMPEDOKLES,  ANAXAGORAS  and  others.  Some  of 
them  thought  lightning  to  be  flaming  gas 
ignited  by  the  collision  and  friction  among 
clouds,  others  thought  : t  to  be  fire 
originating  from  the  sun  or  the  stars. 

Although  their  ideas  appear  to  us  to  be 
somewhat  fantastic  -  -  these  were  still  the 
first  courageous  steps  taken  against  the 
hitherto  prevailing  mythological  concepts. 

LUCIUS  ANNAEUS  SENECA,  in  his  effort  to 
summarize  ail  the  scientific  knowledge  of  his 
time  in  his  "Naturales  Quaestiones"  (  65  A.D.) 
compared  lightning  to  small  sparks  similar  to 
those  produced  by  flints.  Some  1700  years 
later  Tichtning  was  again  compared  to  a  small 
spark . 

B)  THUNDERSTORM  RESEARCH  IN  MODERN  TIMES 

The  discovery  of  electrical  sparks  in 
1671  by  G.W.  LEIBNITZ  with  the  aid  of  an 
electric  generator  -  a  rotating  sulphur  ball 
■which  was  fiictioned  by  the  hand  -  built  hv 
OTTO  VON  GUERICkE  provided  the  basis  for 
further  progress.  Soon  thereafter,  in  the 
first  half  of  the  eighteenth  century,  the 
assumption  was  repeatedly  expressed  that 
lightning  is  an  electric  spark. 

In  1749  BENJAMIN  ERANKLIN  described  in  an 
article  sent  to  P.  C0LLINS0N,  London,  methods 
bv  which  he  could  prove  the  presence  of 
electrical  charges  in  thunderclouds. 

On  10  May  1752  DALIBART  -  a  french 
botanist  who  translated  the  papers  of 
B.  FRANKLIN  -  succeded  in  proving  the  electric 
nature  of  lightning  by  installing  a  tall 
isolated  mast  in  Marly-la-Vi.lle,  near  Paris, 
while  B.  FRANKLIN  duplicated  this  soon  after 
in  June  1752  in  Philadelphia,  with  the  aid 
of  a  kite. 

B.  FRANKLIN  established  that  thunder¬ 
clouds  are  generally  negatively  charged  but 
sometimes  also  positively  charged. 

Based  on  these  discoveries  it  became 
possible  to  formulate  the  basic  problem  ot 
thunderstorm  research  more  specifically;  i.e. 
to  what  type  uf  generation  of  electricity  may 
the  existence  of  thunderstorm  electricity  be 
attributed  ? 

This  clarification  of  the  problem  formed 
the  basis  for  the  advancement  of  numerous 
thunderstorm  theories,  and  thunderstorm 
research  entered  a  new  phase  reaching  into 
present . 

C)  THUNDERSTORM  THEORIES  IN  PRESENT  TIME 

The  greater  part  of  current  theories 
dealing  with  thunderstorm,  suppose  that  the 
separated  electric  charges  are  produced  by 
various  powers  and  mechanisms,  e.g.  friction, 
induction,  splintering  of  ice,  spattering  of 
water-droplets  etc.,  resulting  in  charges  of 
one  polarity  appearing  more  frequently  on  the 
smaller  particles  of  clouds,  whereas  the 
opposite  charges  appear  on  the  larger 


particles.  As  a  consequence  of  air-resistance 
in  the  earth's  gravitational  field,  heavier 
particles  fall  quicker  than  lighter  and  it  is 
supposed  that  this  leads  to  a  charge- 
separation  and  tc  the  formation  of  space- 
charges  within  the  thunder  cloud. 

However  a  high-voltage  charge  necessary 
for  the  formation  of  a  thunderstorm,  cannot 
possibly  develop  in  this  way,  because  by 
reason  of  the  COULOMB- forces,  it  gradually 
becomes  more  and  more  difficult  and  finally 
impossible  to  imbody  charged  particles  nf  the 
same  sign  into  a  qrowing  space-charge. 

Besides  that,  a  high-voltage  space-charge  is 
not  stable  because  of  its  dispersion  by  the 
forces  mentioned  above. 

A  theory  not  incompatible  with  these 
difficulties  ist  the  thunderstorm-theory 
which  takes  into  consideration  the  electro¬ 
magnetic  induction  in  the  magnetic  field  of 
the  earth.  (1)  * 

When  a  cloud  moves  by  the  velocity  v 
across  the  geomagnetic  field  f,  an  electric 
field  E  is  induced  within  the  particles  of 
this  cloud  as  a  vector-product: 

E  =  v  x  T  (1) 

The  electric  field-vector  is  perpen¬ 
dicular  with  respect  to  the  direction  of  the 
geomagnetic  field  and  perpendicular  to  the 
direction  of  the  motion  of  the  cloud. 

All  cloud  particles  therefore  become 
unidirectional  electric  dipoles.  The  material 
<-f  which  the  cloud  particles  are  formed  is  of 
no  importance,  provided  the  requirement  has 
been  met  that  conductivity  of  the  air  is  less 
than  that  of  the  cloud  particle.  This  theory, 
therefore  also  applies  for  example  to  clouds 
made  up  of  volcanic  ash. 

The  cloud  particles  can  be  considered  as 
a  system  of  parallel-  and  series-connected 
capacitors.  If  discharges  appear  between  the 
cloud  particles,  nevertheless  the  charges  at 
the  border  of  the  cloud  remain  there  arid  will 
even  grow  or.  by  repeated  charge-separations 
between  the  particles  until  the  breakdown 
voltage  is  attained.  W.  NAUMANN  (2)  has 
assumed  that  such  discharges  can  propagate 
within  the  cloud  like  a  chain  reaction.  Such 
discharges  in  a  prevailing  horizontal 
direction  could  be  observed  by  weather  radar. 

The  high-voltage  electric  charges  appear 
as  area-charges  at  two  opposite  edges  of  the 
cloud . 

Fig,  1  shows  the  electrification  of  a 
thunder-cloud  in  middle  northern  latitudes 
with  a  drift  From  SW  to  NE  .  T  stands  For  the 
vector  of  the  geomagnetic  field  and  E  stands 
for  the  direction  of  the  induced  electric 
field  if  we  look  in  the  direction  the  cloud 
is  moving.  The  negative  high  voltage  appears 
in  this  case  at  the  right-hand  lower  border 
of  the  cloud,  the  positive  high  voltage  lies 

*  Numbers  in  Parentheses  designate  References 
at  the  end  of  paper 
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diametrically  opposite  at  the  left-hand  upper 
border  of  the  cloud.  The  production  of  the 
high  voltage  resembles  that  of  the  "VAN  DE 
GRAAF-Generator" ,  where  the  charge  is  carried 
from  the  inside  of  the  conductor  to  its 
surface. 

D)  PROOFS  FOR  THE  VALIDITY  OF  THE  NEW  THEORY 

BY  OBSERVATIONS 

1.  THE  POWER  OF  THUNDERSTORM  -  An  im¬ 
portant  result  uf  the  "Thunderstorm  Project" 
(3)  at  the  end  of  the  first  half  of  this 
century  was  the  statement  that  the  motion  of 
a  thunder-cloud  is  retarded,  i.e.  the  cloud 
is  drifting  about  10  %  slower  than  the  air  in 
which  it  is  imbedded.  The  wind  thus  passes  a 
part  of  its  kinetic  energy  to  the  thunder¬ 
cloud.  According  to  the  law  of  conservation 
of  energy  -  that  no  energy  can  be  lost,  but 
only  be  turned  into  another  kind  of  energy  - 
we  may  expect  that  the  apparent  lost  of  wind- 
energy  will  reappear  as  electrics]  energy. 

Therefore  the  power  (P)  cf  a  thunder¬ 
storm  (1)  can  be  calculated  by  the  following 
formula: 

P  =  d.S.v.vg  (2) 

d  is  the  average  density  of  the  air,  S  is  the 
side  of  the  cloud  which  is  facing  the  wind, 
v  is  the  cloud-veiocity  and  v^  is  the 

velocity  -difference  between  air  and  cloud. 

Applying  this  aquation  2  on  evaluation 
of  the  power  of  s  medium  size  thunderstorm 
with  a  cloud-cube  of  7  km  edges,  a  horizontal 
speed  of  10  m/sec  results  in  250  MEGAWATT. 
R.R.  BRAHAM  Jr.  calculated  225  MW  and  HANG 
ISRAEL  300  MW  by  other  methods. 

Equation  2  shows  that  we  need  first  a 
large  cloud  (a  large  S)  and  second,  that  the 
velocity  v  of  the  cloud  must  have  a  value 
greater  than  zero.  In  addition  we  can  assume 
that  electrification  only  can  begin  with  a 
certain  cloud  velocity.  Therefore  a  minimum 
speed  for  thunderstorm  clouds  should  exist. 
The  magnitude  of  this  minimum  speed  will 
depend  on  the  size  of  the  cloud,  the  strenght 
of  the  geomagnetic  field,  the  direction  of 
cloud  movement  relative  to  the  magnetic  field 
vector,  and  as  we  will  see  later,  also  on  the 
oroqrapiiy . 

The  magnetic  field  strenght  does  not 

appear  in  equation  2.  but  is  hidden  in  the 

velocitv-difference  v  between  cloud  and  air, 
o  5 

because  this  difference  will  be  greater  when 

the  magnetic  fie.d  is  stronger  and 

proportionally  smaller  when  the  magnetic 

field  is  weaker. 

2.  DIFFERENCES  BETWEEN  THE  CLOUD  AND  AIR 
MOVEMENT  -  The  exact  measurements 

during  the  "Thunderstorm  Project"  (3) 
yielded  the  interesting  result  that  the 
direction  of  motion  of  the  cloud  and  the  mean 
direction  of  the  air  in  which  the  cloud  is 
imbedded,  can  differ  up  to  an  angle  of  30°. 

The  new  thunderstorm  theory  can  provide 
a  simple  explanation  for  this  phenomenon.  The 
cumulo-nimbus  which  is  retardet  by  the 


geomagnetic  field,  has  the  tendency  to  go  the 
way  of  least  resistance  und  therefore  veers, 
when  it.  has  the  possibility,  partially  in  the 
direction  of  the  magnetic  lines  of  force. 

3.  THE  OCCURENCE  OF  SUPERBOLTS  -  In  the 
temperate  northern  zones,  where  the  clouds 
travel  mostly  f‘rom  W  to  E,  the  right  hand 
lower  part  of  the  thunderclouds  are  mostly 
negatively  charged  and  as  can  be  seen  from 
Fig.  1  ,  the  positive  charge  is  located 
diametrically  opposite  at  the  left  upper 
border  of  the  cloud.  These  positive  flashes 
therefore  must  cover  a  larger  distance  to  the 
earth.  Consequently  they  are  rarer,  but  have 
an  essentially  greater  intensity  of  current. 
This  fact  agrees  very  well  with  the  results 
of  KARL  BERGER  who  measured  on  Lhe  Monte  San 
Salvatore  in  Switzerl  1  more  than  400  kA  for 
positive  flashes.  Fii  ;hows  such  a  super- 
bolt  which  seems,  by  the  perspective 
distortion,  to  exit  from  the  side  of  the 
storm  cloud  and  then  cuts  to  ground.  This 
thunderstorm  took  place  west  of  Fort  Worth  in 
September  1977  and  was  photographed  by  the 
National  Weather  Service  meteorologist  ALAN 
M0LLER  (4).  The  storm  led  to  a  tornado  that 
touched  down  near  Valley  View. 

The  situation  resembles  ' '  e  condition  in 
Fig.  1  and  it  is  obvious  that  his  flash 
exited  from  the  upoer  border  of  the  cloud. 

4.  A  MINIMUM  DRIFT-VELOCITY  FGR  THUNDER¬ 
STORMS  -  The  theory  demands  that  the 

cloud  be  moved  in  the  magnetic  field  of  the 
earth  and  the  discussion  of  equation  2 
resulted  in  the  postulation  of  a  minimum 
speed  for  the  thundercloud.  Observations  con¬ 
firm  the  existence  of  such  a  minimum  speed 
(see  Table  1). 

In  Austria  the  author  precisely  tested 
this  phenomenon.  Plotting  the  number  of 
lightnings  of  a  thunderstorm  as  the  ordinate 
and  the  average  horizontal  wind  velocity  as 
the  abscissa  as  in  Fig.  3,  one  obtains  an 
interesting  dot-cloud  (5).  The  electrifi¬ 
cation  of  the  thundercloud  can  start  oruy 
when  the  horizontal  wind  velocity  exceeds 
4  m/sec.  A  linear  relationship  between  the 
electrical  power  generated  in  a  thunderstorm 
and  the  horizontal  wind-speed  as  it  is  ex¬ 
pressed  in  equation  2,  seems  to  be  obvious. 

The  lightnings  plotted  here  were  re¬ 
corded  in  1957-58  at  the  Zentralansta.lt  Fur 
Meteorologie  und  Geodynamik  in  Vienna, 
Austria.  The  wind-velocity  was  measured  at 
the  same  place  at  altitudes  of  1  -  12  kr:  by 
radio-sondes  and  i»-ind  radar. 

5.  A  MINIMUM  THICKNESS  OF  THUNDER-CLOUDS  - 
A  Russian  team  of  investigators  (6)  found 
out  that  a  minimum  of  vertical  dimensions  for 
thunderstorm-clouds  exists.  As  it  is  evident 
in  Table  2,  this  minimum  thickness  preserts 
an  interesting  dependence  on  the  geographic 
latitude. 

The  theory  of  the  e.m.i.  can  give  here 
a  plausiblr  explanation.  As  the  induced 
electric  fields  stand  vertically  to  the  geo- 
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magnetic  fields,  and  such  electric  fields  in 
lower  geomagnetic  latitudes  lie  more  towards 
the  vertical,  than  those  in  higher  geomagnetic 
latitudes  where  the  electric  fields  are  more 
horizontal,  the  thickness  of  the  cloud  is 
greater  in  the  lower  geomagnetic  latitudes. 

The  postulation  of  a  minimum  thickness  of 
thunderclouds  underscores  also  the  claim  of  a 
large  cloud  volume  as  it  is  expressed  in 
Equation  2. 

It  can  also  be  seen  from  Table  2  that 
the  most  important  dimension  of  the  cumulo¬ 
nimbus  is  the  length  of  the  cloud  in  the 
direction  of  the  induced  electric  field  (see 
Fig.  1  )  and  that  this  length  must  be  a 
minimum  of  about  12  km. 

6.  FLASHES  IN  HIGH  GEOMAGNETIC  LATITUDES  - 
When  the  induced  electric  field  lies  almost 
horizontally,  we  may  expect  that  the  number 
of  positive  and  negative  flashes  is  nearly 
the  same. 

This  assumption  is  confirmed  by  the 
results  of  measurements  obtained  by 
ISRAELSSON  and  others  (7)  in  the  far  North  of 
Sweden.  Moreover  we  may  expect  that  no 
superbolts  can  occur  in  such  places. 

7.  THUNDERSTORMS  NEAR  THE  MAGNETIC 
EQUATOR  -  ALEXANDER  VON  HUMBOLDT  and  many 
other  authors  report  that  in  some  regions  in 
the  tropics  no  flashes  between  cloud  and 
ground  occur,  and  that  in  consequence  of  this 
fact  the  native  population  there  is  not  in 
the  least  afraid  of  flashes.  Moreover 
HUMBOLDT  also  describes  the  fascinating  dis¬ 
plays  on  these  places,  produced  by  the  flashes 
ascending  to  the  zenith. 

On  the  Magnetic  Equator  only  the 
Horizontal-Intensity  of  the  geomagnetic  field 
exists.  The  induced  electric  field  stands 
vertically  and  the  high-voltage  charges  are 
situated  at  the  bottom  and  che  top  of  the 
cloLd.  Therefore  the  electric  field  in  the 
inside  of  the  cloud  is  higher  than  electric 
field  between  cloud-bottom  and  ground. 

We  may  therefore  expect,  that  there 
exists  a  small  zone  north  and  south  of  the 
Magnetic  Equator  of  approximately  5°  -  6°, 
wtiere  no  discharges  between  cloud  and  ground 
occur.  Furthermore,  no  thunderstorm  should 
originate  in  this  zone  when  the  cloud  is 
moving  in  the  direction  of  the  magnetic  force 
lines,  i.e.  in  the  di.jction  of  the  Magnetic 
Meridian 

When  we  assume  that  electricity  is  the 
cause  of  tornadoes,  we  may  expect  no 
tornadoes  to  occur  in  this  zone  near  the 
Magnetic  Equator. 

8.  THE  DISCOVERY  OF  AN  ORIENTATION-LAW  FOR 
TORNADOES  -  If  we  assume  an  electric  origin 
of  tornadoes  as  do  B.  VONNEGUT  (8),  JEAN 
LACAZE  (9)  and  many  other  authors,  we  may 
expect  their  development  in  places  where  the 
strongest  electric  fields  occur  between  cloud 
and  ground.  The  transformation  of  electric 
energy  into  the  kinetic  energy  of  the  tornado 
can  happen  by  acceleration  of  charged 


particles  in  this  strong  electric  field;  thus 
the  tornado  is  a  continuous  discharge  between 
thundercloud  and  earth. 

In  Fig.  4  we  may  recognize  the  places 
where  the  strongest  electric  fields  occur  by 
different  drift-directions.  We  may  therefore 
expect  that  tornadoes  in  the  northern  hemi¬ 
sphere  which  are  drifting  with  their  mother- 
cloud  from  W  to  F.  (see  Fig.  4  s)  originate 
under  the  right-hand  lower  side  of  cloud  when 
we  look  info  the  drift-direction.  In  Fig.  4  b 
are  depicted  the  conditions  occuring  in  a 
drift-direction  from  E  to  W.  In  this  case  the 
left-hand  lower  side  of  the  cloud  is  charged 
positive  and  the  tornadoes  originate  at  the 
left-hand  lower  side  of  the  cloud. 

The  conditions  in  the  Southern  Hemisphere 
are  reversed.  There,  the  tornadoes  drifting 
from  W  to  E  are  leftsided,  and  those  drifting 
from  E  to  W  -  rightsided. 

This  prediction  of  an  orientation- .law 
which  was  made  in  ’963  (10)  has  meanwhile 
been  confirmed  by  many  observations  in  the 
northern,  and  by  two  observations  in  the 
southern  hemispheres  (11). 

This  orientation-law  for  tornadoes  is  a 
very  important  proof  for  the  validity  of  the 
e.m.i.  as  the  origin  of  thunderstorm- 
electricity  and  simultaneously  a  proof  for  the 
electric  origin  of  tornadoes. 

9.  THE  DERIVATION  OF  AN  ELEMENTARY 
BUILDING  BLOCK  FOR  THE  THUNDERCLOUD  - 
According  to  the  e.m.i.  theory,  cloud 
particles  are  made  into  electric  dipoles  with 
parallel  dipole-axes  by  their  travel  through 
the  geomagnetic  field.  Thus  electric  forces 
come  into  play  between  the  cloud  particles 
which  lead  to  a  stabilization  of  the  cloud, 
so  that  it  cannot  be  dispersed  by  the  di¬ 
vergent  winds  at  various  heights  because  the 
dipoles  will  have  the  tendency  to  form  chains 
in  the  direction  of  the  induced  electric 
field  (see  Fig.  5).  This  also  makes  it 
reasonable  to  suppose  a  minimum-length  of  the 
cumulo-nimbus  exists  in  this  direction. 

A  new  impulse  to  further  development 
gave  the  picture  (see  Fig.  6  i  of  a  square¬ 
shaped  tornado-producing  cloud  which  was 
observed  by  Tiros  I  (12).  After  rectification 
the  cloud  was  the  shape  of  a  rhombus  which 
was  moving  from  SW  to  NE  in  the  direction  of 
the  long  diagonal  (see  Fig.  7).  This  regular 
shape  is  reminiscent  to  crystals  in  which  the 
atoms  and  molecules  arrange  themselves  in  a 
space  lattice.  We  may  therefore  assume  that 
such  a  space-lattice  will  have  been  developed 
in  the  thundercloud. 

Two  dipoles  (  1  and  2  in  Fig,  8  )  will 
seek  a  position  such  that  the  negative  half 
of  one  faces  tne  positive  half  of  the  other. 
Two  additional  particles  (  3  and  4  )  will 
seek  a  symmetrical  plane  with  respect  to  the 
first  two  particles  and  form  a  rhombus  whose 
long  axis  lies  in  the  direction  of  motion. 

The  similarity  to  Fig.  7  is  surprising. 

The  transition  to  the  three-dimensional 
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space  matrix  model  can  be  made  by  the 
requirement  that  each  dipole  within  the  cloud 
be  faced  by  the  same  environment.  This  gives 
only  one  possibility.  The  result  is  an 
elementary  building  block  consisting  of  six 
cloud  particles  arranged  at  the  corners  of  a 
quadratic  double  pyramid  which  has  three 
orthogonal  axes.  Each  point  in  the  matrix  is 
characterized  by  the  fact  that  the  dipoles 
are  located  at  a  minimum  potential  energy 
level.  This  means  that  if  a  dipole  is 
slightly  displaced,  it  tends  to  return  to  its 
matrix  point.  This  satisfies  a  necessary 
theoretical  condition  for  the  formation  of  a 
stable  space  matrix 

The  electrification  by  e.m.i.  thus  acts 
as  a  control  on  precipitation.  During  the 
early  phases  of  a  thunderstorm  it  acts  as  a 
precipitation  inhibitor  and  during  the  final 
phase  it  results  in  intensive  precipitation 
with  large  drops  of  water. 

The  best  condition  for  the  formation  of 
the  space-matrix  is  a  laminar  streaming  of 
the  the  cloud  which  occurs  over  plains,  and 
this  areas  have  the  most  frequent  and  also 
the  most  intense  thunderstorms. 

Over  mountainous  terrain,  where  turbu¬ 
lences  are  carried  into  the  cloud  level,  the 
formation  of  the  matrix  i=  more  difficult. 

The  minimum- velocity  for  thunderclouds  should 
for  that  reason  be  higher  there  than  over 
plains. 

The  postulation  of  the  elementary 
building  block  consisting  of  six  cloud- 
particles  was  made  in  1963  (10).  five  years 
later  the  proof  literally  fell  out  from  a 
thunder-cloud. 

In  1968  spiked  hailstones  reached  the 
ground  in  Oak  Ridge,  Tenn.  (13).  Practically 
all  of  the  stones  had  some  spike-development, 
the  number  o*-  spikes  ranging  from  one  to  six, 
and  most  of  the  stones  had  two,  four  or  six 
spikes.  Some  of  the  stones  also  had  lobes  on 
tne  end  of  the  spikes.  The  spikes  were 
generally  coplanar  and  remarkably  symmetrical 
(see  Fig.  9  ) 

The  shape  of  these  spiked  hailstones  is 
practically  identical  with  the  shape  of  the 
elementary  cloud  building  block  (see  Fig.  8  ), 
consisting  of  six  droplets  with  three  axes  at 
right  angles  to  each  other. 

The  formation  of  these  spiked  hailstones 
can  be  imagined  as  follows:  The  C0U10MB- 
forces  appearing  between  the  droplet-dipoles 
became  so  strong  that  the  droplets  were  de¬ 
formed  and  coalesced  in  the  center  of  the 
building  block.  Due  to  the  shock  caused  by 
the  coalescence  and  the  electric  discharge, 
the  supercooled  droplets  suddenly  hardened 
into  ice  and  the  spiked  hailstone  fell  to  the 
ground. 

And  now  there  is  a  reason  too  fur  the 
need  of  a  large  cloud  volume:  As  the  induced 
electric  field  E  (see  Equation  1  )  is  very 
small,  a  cloud  of  large  capacity  is  required 
so  more  charges  can  be  separated  in  the 


dipoles  and  the  COULOMB- forces  demonstrated 
by  the  production  of  the  spiked  hail-stones 
can  deform  the  water  droplets. 

10.  THE  INFLUENCE  OF  THUNDERSTORMS  ON  THE 
MAGNETIC  DECLINATION  -  If  the  magnetism  of 
the  earth  is  the  cause  of  tne  electrification 
of  the  thunderstorm  cloud,  then  conversely 
the  cloud,  to  some  extent,  should  influence 
the  geomagnetic  field  in  the  neighbourhood  of 
the  thunderstorm. 

From  the  Magnetic  Declination  -  the 
deviation  of  the  magnetic  needle  to  geo¬ 
graphic  north  -  we  would  expect  that  thunder¬ 
storms  travelling  from  the  north  or  the 
south,  i.e.  moving  in  the  Magnetic  Meridian, 
have  no  influence.  But  if  the  thunderstorms 
come  from  west  or  east  and  pass  an  earth- 
magnetic  observatory  in  the  north  or  south,  a 
deviation  of  the  magnetic  needle  from  the 
normal  value  should  be  observed. 

Fig.  10  shows  the  deviations  of  the 
hourly  values  of  the  Magnetic  Declination 
from  the  normal  value  at  the  observatory 
Wien-Kobenzl  during  thunderstorms  in  the 
years  1957-39.  On  the  left  side  of  the 
abscissa  are  marked  the  West-components,  and 
on  the  right  side  the  East-components  of  the 
middle  wind-velocities  in  m/sec.  The  winds 
were  averaged  in  the  altitudes  of  1-12  km. 
The  oedinate  shows  the  deviation  of  the 
Declination  from  the  normal  value. 

The  daily  and  the  yearly  variations  were 
carefully  eliminated  and  the  disturbed  days 
were  not  registered  in  the  statistics. 

The  dot  cloud  in  fig.  10  indicates  that 
there  is  no  change  in  the  Magnetic  Declination 
in  the  case  of  North-  and  South-winds.  With 
increasing  West-  or  East-components  of  the 
wind,  the  deviation  from  the  normal  value 
increases  and  gains  considerable  values, 
reaching  over  four  arc-mi. '.utoo. 

The  distribution  of  the  points  is 
exactly  of  the  character  required  by  the 
theory  and  confirms  -  this  time  from  the 
magnetic  aspect  -  the  efficacy  of  the  e.m.i. 
for  the  electrification  of  tnunderclouds. 

E)  CONCLUSION  AND  PROPOSAL  FOR  FURTHER 
RESEARCH 

We  have  seen  that  this  new  thunderstorm- 
theory  with  electromagnetic  induction  as  its 
basis  is  substantiated  many  points  by 
observations  and  it  seems  therefore  that  the 
problem  of  the  origin  of  thunderstorm 
electricity  is  solved. 

Nevertheless  there  are  still  many 
questions  to  be  answered  and  more  obser¬ 
vations  are  needed,  especially  in  the  region 
of  the  Magnetic  Equator. 
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Table  1  -  Minimum  Speed  for  Thundercloud 


Category 

Author 

Country 

m/sec 

1 

G.  SCH0U 

Norway 

7,0 

2 

A.  SCHdNROCK 

U.S.S.R. 

5,8 

3 

A.  PUHRINGER 

Austria 

4,0 

Table  2  -  Minimum  Thickness  for  Thunderclouds 


Minimum  thickness 


Category  Region  of  investigation  in  Meters 


1  Leningrad  (U.S.S.R.)  5100 

2  Cape  Murotomisaki  (Japan)  7500 

3  Florida  (H.S.A.)  7900 

4  New  Delhi  (India)  9400 
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Fig.  1  -  The  electrification  of  a  thunder¬ 
cloud  by  the  e«m.i. 
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Fig.  3  -  Relationship  between  wind  velocity 
and  the  number  of  lightning  flashes 
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Fig.  2  -  A  lightning  bolt  emerging  from 
the  upper  border  of  the  thunder-cloud 


mm 

b 


Fig.  A  -  The  electrification  of  the  cloud 

(a)  by  westerly  and 

(b)  by  easterly  winds 


Fig.  8  -  The  construction  of  an  elementary 
building  block  for  the  thunder-cloud 


Fig.  9  -  Sp.ked  hailstones.  Note  the 
regular  form! 


Fig.  10  -  The  variation  of  the  Magnetic- 
Declination  by  westerly  and  easterly 
winds  during  thunderstorms 
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ABSTRACT  / 

y 

Aerospace  and  spacecraft  charging  is  a  cause  of  a  number  of 
operational  problems.  Sane  satellites  are  equipped  with  numerous 
small  thruster  engines  to  stabilize  and  to  correct  their  position. 
Particularly  thruster  plumes  produced  by  small  biprcpellant  engines 
consist,  of  electrically  char ged^ clouds  of  droplets,  moisture  and 
ions.  A  lo  N  engine -in  connection  with  the  GALILEO  spacecraft 
■  configuration  was  installed  in  a  large  high  vacuum  measuring  plant 
equipped  with  electric  field  measurement  devices  suitable  for  the 
investigation  of  plume  charging  effects.  A  stream  of  charged 
particles  leaving  the  thruster  and  interacting  with  spacecraft 
surfaces  could  be  observed.  The  results  are  discussed. 
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AEROSPACE  AND  SPAPECRAi  T  CHARGING  causes  a  large 
number  of  operational  problems.  Such  problems  are 
e.  g.  the  anomalous  operation  of  on  board 
electronic  systems. 

During  the  past  several  years,  theoretical, 
analytical  and  experimental  effects  by  many 
agencies  have  significantly  increased  the  avai¬ 
lable  knowledge  in  this  aera.  Several  reports 
have  been  published  concerning  spacecraft  charg¬ 
ing  -  see  e.g.  (1.2, 1).  However,  at  present  the 
phenomena  of  spacecraft  charging  is  not  yet 
completely  understood,  and  a  considerable  amount 
of  work  remains  to  be  done. 

Particularly  the  charging  effects  caused  by 
bipropellant  thruster  plumes  have  not  been  dis¬ 
cussed  yet.  Such  small  thruster  engines  are  in¬ 
stalled  on  the  satellite  surface  to  control  and 
to  correct  the  satellite  position  during  its 
mission  in  flight.  In  fig.  1  for  example  is  shown 
in  principle  the  GALILEO  spacecraft  configuration 
equipped  with  numerous  lo  Newton  thruster 
engines.  During  thruster  operation  an  inter¬ 
action  between  the  thruster  plume  flow  field  and 
the  satellite  structure  takus  place.  Earlier 
performed  investigations  concerning  bipro- 
peilant  lo  N  thruster  engines  have  shown  that 
thruster  plumes,  indeed,  consist  of  electrically 
charged  clouds  of  droplets  and  moisture  (A). 

The  numerous  existing  reports  concerning 
spacecraft  charging  indicate  the  intense  inter¬ 
est  on  charging  effects  on  satellite  surfaces.  A 
systematic  investigation  of  charging  effects, 
produced  by  bipropellant  thruster  plumes  seems 
to  be  important.  In  this  connection  basic  in- 
vestigal ions  have  been  performed  concerning  the 
bipropellant  lo  Newton  engine  of  MBB  for  the 
GALILEO  spacecraft  configuration.  In  the  follow¬ 
ing  the  measuring  plant  for  the  plume  investi¬ 
gation  is  described.  The  electric  field  measure¬ 
ments  in  the  vicinity  of  the  plume  under  high 
vacuum  condition  give  occasion  for  the  plume 
structure  analysis,  for  velocity  measurements  of 
the  particles  in  the  plume  and  finally  for  con¬ 
tamination  investigations  on  the  satellite  sur¬ 
face. 

MEASUREMENT  DEVICE 

The  investigated  MMH/N^O^  thruster  engine 
lo  Newton  from  MBB  workes  in  steady  state  or  in 
pulsed  mode  with  pulse  duration  down  to  2o  ms. 

In  fig.  2  is  shown  a  series  of  shorttime  shadow¬ 
graphs  during  the  thrusters  start  phase.  The 
pictures  were  taken  howevar  not  in  high  vacuum 
but  in  normal  air.  Simultaneously  is  sketched  in 
Fig.  2  the  model  conception  about  the  electrical 
charge  distribution  in  the  plume  flow  field. 

Performing  the  investigation  concerning  the 
charging  effects  the  thruster  engine  is  installed 
in  the  test  facility  which  consists  of  the  high- 
vacuum  chamber,  different  pumping  systems  and  of 
a  number  of  special  test  instrumentations  -  see 
Fig.  3.  The  stuinless  steel  chamber  with  a 
length  of  2  m  and  a  diameter  of  1,2  m  is  well 
equipped  with  numerous  flanges,  feed  through 
connections,  and  windows  for  all  kinds  ot  ob¬ 
servations.  The  lo  N  thruster  is  installed 


axially  in  the  centerline  of  the  cylindrical 
vessel.  The  vacuum  chamber  is  pumped  by  oil 
diffusion  pumps,  liquid  N„  cryo-systems ,  ana 
liquid  He  cryo-systems.  I ne  pump  capacity  of  all 
pumping  systems  is  about  lA.ooo  1/s  .  The 

pressure  in  the  chamber  before  thruster 
operation  is  about  lo‘‘  mb. 

The  test  facility  is  equipped  with  test 
instrumentation  concerning  high  speed  photo¬ 
graphy,  mass  spectrometry,  velocity,  heat  flux 
distribution  and  particularly  electric  charging 
effects.  Most  of  the  measuring  techniques  were 
developed  especially  for  the  small  thruster  plume 
investigations.  They  arc  suitable  to  measure 
simultaneously  transienr.  parameters  concerning 
gaseous  as  well  as  condensed  reaction  products 
with  high  time  resolution. 

In  fig.  A  the  electric  field  sensors  for  the 
plume  investigation  installed  in  the  vacuum  test 
facility  are  shown.  The  electric  charged 
particles  are  identified  either  contactless  via 
influence  effects  when  flying  past  Field  sensors, 
or  when  impinging  on  electrical  sensor  plates. 
When  striking  they  release  their  electrical 
charge  to  the  sensor  and  every  droplet  produces 
an  electrical  pulse  according  to  its  charge 
value. 

By  the  installation  of  these  rather  simple 
electric  field  sensors  and  by  evaluation  of  the 
strong  electric  signals  it  is  possibls  to  get 
manifold  information  about  plume  flow  field 
structure,  droplet  outflow  rate,  plume  velocity 
and  particularly  charging  effects  by  the  plume 
interacting  with  the  satellites  surface. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

In  Fig.  5  -  Btypical  results  are  shown  mea¬ 
sured  by  electric  field  sensors  equipped  with 
different  electric  resistors  R.  The  '"'lue  of  the 
electric  resistor  grounding  the  sensor  ia  essen¬ 
tial  for  the  nature  of  the  registered  signals: 

-  large  resistor  values  (R  =  1  Mtl)  mean,  that 
the  sensor  is  able  by  influence  effects  to 
detect  and  to  register  electric  fields  pro¬ 
duced  by  clouds  of  charged  particles  even  at 
relatively  large  distances 

-  small  resistor  values  (R  =  1  K£t)  mean,  that 
the  sensor  is  able  to  detect  the  charged  drop¬ 
lets  which  hit  directly  on  the  sensors  area. 

In  fig.  b  is  clearly  recognizable  the 
change  of  the  plume  shape  with  time.  In  the  first 
moment  after  thruster  start  the  plume  is  wide 
spread,  later  on  the  plume  flow  field  is  more 
narrow. 

In  Fig.  6  typical  results  are  shown  con¬ 
cerning  droplet  outflow  measurements  by  electric 
field  sensors.  The  signals  demonstrate  the  good 
agreement  between  these  experimental  and  theo¬ 
retical  results  which  has  been  computer  gener¬ 
ated  by  the  C0NTAM  III  computer  cede  (5). 

In  Fig.  7  the  plume  velocity  measurement 
method  by  electric  field  sensors  is  shown.  In 
this  case  the  electric  Field  structure  of  the 
plume  flow  field  is  measuied  by  two  different 
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sensors  arranged  in  a  distance  of  1  =  ilo  mm  one 
behind  the  other.  The  time  phase  difference  D 
between  the  two  registrated  signals  gives  the 
velocity  of  the  plume  flow  field  in  the  sensors 
vicinity.  It  is  about  v  -  1/D  -  3.ooo  m/s. 

In  Fig.  B  is  demonstrated  that  quantitative 
contamination  measurements  are  possible  using 
electric  field  sensors.  The  comparison  between 
the  results  from  the  Quartz-Crystal-Microbalance 
sensor  (QCM)  and  the  electric  charge  sensor  Q(t) 
shows  good  agreement.  This  effect  can  be  ex¬ 
plained  by  the  assumption  that  the  electric 
charge  transported  on  one  particle  or  droplet  is 
proportional  to  the  particles  size  or  mass. 

By  numerous  experiments  and  signals  eva¬ 
luation  it  could  be  shown  that  the  plume  flow 
field  is  characterized  by  strong  charging 
effects.  The  core  of  the  plume  seems  to  be 
charged  strong  positively  by  the  presence  of 
positively  ions  and  particles  or  droplets  with  a 
diameter  of  about  lo  -  loo,*.  This  positively 
charged  core  seems  to  be  surrounded  by  negatively 
charged  clouds  consisting  of  mostly  electrons  - 
see  Fig.  2.  The  total  charge  flow  outgoing  from 
the  lo  N  thruster  during  steady  state  operation 
is  measured  under  these  experimental  conditions 
to  be  about  I  =  lo-*1  A. 

CONCLUSIONS 

The  experimental  investigations  cletrly 
showed  that  the  piume  flow  field  consists  of 
strongly  electrically  charged  clouds  of  reaction 
products.  It  seems  to  be  possible  that  the  charge 
separation  process  in  connection  with  the 
thruster  operation  end  the  origination  of  the 
strong  electrical  fields  in  the  plume  field 
vicinity  lead  not  only  to  a  charging  of  the 


satellite  structure  but  also  lead  to  backflow  and 
solf  contamination  effects.  These  question  must 
be  investigated  by  further  experiments. 

On  the  other  hand  the  performed  investi¬ 
gations  demonstrated  that  the  electric  field  mea¬ 
surements  in  the  vicinity  of  the  plume  give 
occasion  for  a  number  of  new  interesting  measure¬ 
ment  methods  such  as  plume  structure,  velocity 
and  contamination  analysis.  It  should  be  dis¬ 
cussed  if  the  installation  of  electric  field 
sensors  nerv-  tho  thruster  engine  during  the 
satellites  flight  is  recommendable  for  control¬ 
ling  the  thruster  engine  operation. 
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ABSTRACT 


Reduction  of  p-static  interference  associated  with  corona  discharges  can  be 
obtained  by  improving  the  passive  dischargers  as  well  as  by  optimizing  their 
distribution  over  the  aircraft  structure. 

Assessment  of  the  noise  reduction  obtained  by  modifications  of  the  individual 
dischargers  has  been  performed  in  the  laboratory.  The  principles  used  for  reducing 
the  noise,  as  well  as  the  method  of  measurement,  are  described,  with  emphasis  on  a 
novel  type  of  passive  discharger  which  takes  advantage  of  the  physical  mechanism 
of  uncorrelated  corona  micro-discharges  produced  at  the  tip  of  a  bunch  of  high 
resistivity  carbon  fibers. 

To  analyse  the  optimization  of  dischargers  distribution,  in-flight  experiments 
have  been  performed  on  a  Meteor  aircraft.  The  total  electric  charge  of  the  air¬ 
craft  and  the  atmospheric  E  field  have  been  evaluated  from  the  measurements 
obtained  with  five  field-mills.  Triboelectric  currents  and  discharger  currents 
have  also  been  measured,  as  well  as  the  p-static  noise  level  on  various  receivers 
between  10  kHz  and  300  MHz. 

The  paper  analyzes  the  following  points: 

(a)  relationship  between  impact  current  and  aircraft  charge  (or  potential); 

(b)  evolution  of  the  threshold  of  corona  emission  of  the  dischargers  as  a 
function  of  aerodynamic  parameters  (ambient  pressure,  air  speed,  nature  of  the 
local  flow); 

(c)  efficiency  of  the  discnargers  as  a  function  of  aircraft  potential; 
effect  of  the  space  charge  environment; 

(d)  role  of  the  atmospheric  E  field  on  parasitic  corona  location;  its 
influence  on  the  overall  efficiency  of  noise  reduction. 

As  a  conclusion,  the  noise  reduction  expected  from  an  optimized  arrangement 
of  passive  dischargers  is  evaluated  as  a  function  of  the  external  conditions. 


*  Research  supported  in  part  by  DRET  (Direction  des  Recherches,  Etudes  et 
Techniques  de  la  Delegation  Generale  pour  l ’ Armement) . 
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ALLOCATION  OF  PROTECTION 


E.  F.  Vance,  J.  E.  Nanevicz,  W.  Graf,  and  J.  M.  Hamm 
SRI  International,  Menlo  Park,  California 


ABSTRACT 


A  procedure  for  determining  how  much  protection  is  needed  between 
the  external  lightning  environment  and  the  circuits  inside  equipment  is 
developed  on  the  basis  of  nested  shields  or  electromagnetic  barriers. 
Part  of  this  protection  is  usually  placed  at  the  system  level  (at  the 
aircraft  skin  or  at  a  facility  shield)  and  part  may  be  placed  at  the 
equipment  level.  Four  distinct  allocations  of  protection  are  defined 
and  their  implications  on  electromagnetic  compatibility  and  protection 
against  lightning  and  other  external  sources  are  discussed.  In  two  of 
these,  all  of  the  protection  is  allocated  to  one  level  and  none  is 
allocated  to  the  other.  When  all  protection  is  allocated  to  the  system 
level,  all  internal  cabling  and  equipment,  is  protected,  and  no  configu¬ 
ration  control  or  lightning  requirement  on  equipment  is  needed  inside 
the  system- level  barrier  to  maintain  the  protection.  When  all  protec¬ 
tion  Is  allocated  to  the  equipment  or  box  level,  however,  unprotected 
cabling  and  other  pystem  structure  may  remain  outside  the  protected 
space  (i.e. ,  outside  the  boxes).  When  the  protection  is  distributed 
between  the  system- level  barrier  and  the  equipment- level  barrier, 
all  of  the  system  inside  tha  system- level  barrier  lias  some  protection. 
There  are  two  methods  of  allocating  the  protection  that  have  distinctly 
different  ramifications  on  the  ability  to  verify  and  maintain  the 
protection.  When  the  lightning  stress  induced  inside  the  system- 
level  barrier  is  the  largest  stress  on  this  part  of  the  system,  then 
the  response  of  the  internal  structure  to  lightning  must  be  under¬ 
stood  (through  test  or  analysis)  and  the  equipment  must  have  u 
lightning  tolerance  requirement.  On  the  other  hand,  if  the  stress 
induced  by  the  external  source  is  not  the  dominant  stress  inside  the 
system  barrier,  no  lightning  requirements  on  the  internal  structure, 
and  equipment  are  necessary.  ?The  implications  of  these  allocations 
on  system  protection  design  and  maintenance  are  discussed  in  detail. 
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TWO  KEY  QUESTIONS  ARISE  in  developing  protection 
against  the  effects  of  lightning  on  electronic 
systems:  how  much  protection  is  needed,  and  how 
protection  should  be  allocated  to  the  various 
levels  of  the  system.  In  this  paper  ue  attempt 
to  develop  bounds  on  the  answer  to  the  first 
question.  We  also  discuss  four  possible  protec¬ 
tion  allocations  between  system-level  barriers 
and  box-level  barriers  to  demonstrate  some  of 
the  consequences  of  these  allocations.  The 
fundamental  approaches  to  protecting  a  circuit 
from  a  source  of  transients  outside  the  circuit 
include  (1)  eliminating  the  source,  (2)  elimi¬ 
nating  the  sensitive  circuit,  (3)  separating  the 
source  and  the  circuit  by  an  infinite  distance, 
(4)  orthogonalizlng  the  source  and  the  circuit 
so  that  they  do  not  interact,  or  (5)  enclosing 
either  the  source  or  che  circuit  in  an  imper¬ 
vious  electromagnetic  barrier.  However,  if  we 
do  .not  control  the  source  and  cannot  eliminate 
the  sensitive  circuit,  the  only  applicable 
protection  approach  is  an  electromagnetic  bar¬ 
rier  about  the  circuit. 

In  general,  the  electromagnetic  barrier 
must  be  impervious  to  all  electromagnetic  waves 
—  those  that  propagate  through  apace  as  well  as 
those  that  propagate  along  wires  or  other  con¬ 
ductors.  Although  a  closed  metal  shield  is  very 
effective  In  excluding  electromagnetic  waves 
from  the  volume  enclosed  by  the  shield,  almost 
all  practical  applications  of  shields  require 
that  power  and  signal  wires  pass  through  the 
shield  and  that  openings  be  made  for  ventilation 
and  visibility.  As  illustrated  in  Figure  1, 
penetrating  conductors  can  reduce  the  "shielding 
effectiveness"  of  the  shield  to  0  dB,  since  the 
wire  current  and  the  magnetic  field  about  the 
wire  are  the  same  inside  the  shield  as  they  are 
outside  the  shield  at  frequencies  where  the 
wire  to-shield  capacitance  is  negligible.  Where 
the  aperture  dimensions  are  large  (in  terms  of 
wavelength),  incident  space  waves  can  propagate 
through  the  apertures  virtually  uuattenuated. 
Hence,  signal  and  power  wires  negate  the  shield 
at  low  frequencies,  and  vents  and  windows  negate 
the  shield  at  high  frequencies. 

because  a  practical  shield  with  penetrating 
conductors  and  apertures  is  usually  ineffective 
in  excluding  electromagnetic  waves,  we  have 
adopted  the  term  "electromagnetic  barrier"  to 
describe  a  surface  that  is  impervious  to  both 
space  and  guided  waves  at  all  frequencies  of 
interest.  The  electromagnetic  barrier  usually 
contains  a  shield  to  exclude  space  waves,  but  it 
also  contains  devices,  such  as  filters  on  pene¬ 
trating  wires,  to  exclude  waves  guided  along 
these  conductors,  and  various  aperture  treat¬ 
ments,  such  as  waveguide-beyond-cutof f  struc¬ 
tures,  to  exclude  waves  propagating  through 
these  openings.  Thus  a  closed  barrier  usually 
consists  of  a  shield  and  penetrating  wire  treat¬ 
ments  and  aperture  treatments  so  that  both  space 
waves  and  guided  waves  are  excluded  from  the 
protected  space.  The  shield  alone,  without  the 
wire  and  aperture  treatments,  is  seldom  an 
effective  barrier  to  broad-spectrum  transients 


such  as  lightning. 

In  practice,  none  of  the  elements  of  the 
barrier  is  perfect.  The  finitely  conducting 
metal  shield  allows  some  of  the  electromagnetic 
waves  to  penetrate  to  the  interior;  the  filter 
allows  some  out-of-band  signal  to  past  through; 
and  the  waveguide  beyond  cutoff  allows  some  of 
the  external  field  to  penetrate  to  the  interior. 
These  imperfections,  combined  with  imperfections 
in  assembly  and  carelessness  in  usage,  often 
combine  to  make  the  protection  of  one  shield 
inadequate.  In  addition,  it.  is  usually  desired 
to  use  the  existing  structural  metal  to  provide 
electromagnetic  shielding  when  possible.  Thus, 
we  rely  on  the  equipment  housing  to  cct  as  a 
box-level  shield,  and  we  use  the  skin  of  metal 
aircraft  as  a  system-level  shield.  Because  of 
these  imperfections,  and  to  avoid  the  expense  of 
producing  and  maintaining  very  high  quality 
shields,  two  nested  barriers  are  frequently 
employed  between  a  strong  source  such  as  light¬ 
ning  and  sensitive  digital  electronic  circuits. 

This  paper  addressess  the  allocation  of 
protection  in  a  two-barrier  protection  system. 
One  of  the  barriers  is  at  the  system  level  and 
the  other  is  at  the  box  or  LRU  level.  The 
system-level  barrier  may  have  any  shape,  so  long 
as  it  encloses  all  the  system  circuits  and 
structure  that  need  to  be  protected.  The  box- 
level  barrier  may  be  partitioned  into  many 
8ubbarriers  (e.g.,  one  for  each  box). 


Let  us  consider  first  a  condition  in  which 
all  of  the  protection  is  allocated  to  the 
system-level  barrier.  This  case  is  represented 
by  the  bold  outer  contour  of  the  aircraft  in 
Figure  2  and  by  the  dashed  equipment  boxes 
Inside  the  aircraft. 

This  allocation  might  be  used  if  the  inter¬ 
nal  equipment  had  no  specified  tolerance  for 
transients,  or  if  the  tolerance  were  unknown,  so 
that  all  protection  had  to  be  placed  at  the 
sys'ern  level.  In  such  a  case,  the  system-level 
barrier  would  be  required  to  reduce  the 
lightning-induced  transients  inside  the  barrier 
to  a  known  circuit  tolerance  level,  such  as  the 
circuit  operating  level  or  the  system-generated 
transient  level.  Whatever  threshold  is  chosen, 
the  lightning-induced  transient  would  not  be  the 
dominant  transient  inside  the  barrier  lest  it 
exceed  the  circuit  threshold.  In  addition,  if 
lightning  is  not  the  dominant  stress,  we  need  to 
understand  neither  its  interaction  with  the 
complex  structure  inside  the  barrier  nor  the 
circuit  responses  for  all  of  its  many  modes  of 
excitation  and  states.  For  modern  avionics  with 
thousands  of  input  pins  and  much  greater  numbers 
of  states,  it  is  practically  impossible  to 
determine  the  system  response  to  broad-spectrum, 
high-amplitude  transients  with  sufficient  accur¬ 
acy  to  evaluate  system  performance. 

Thus,  although  the  system  and  all  of  its 
internal  components  can  be  protected  with  a 
single  barrier,  this  allocation  scheme  recog¬ 
nizes  no  benefit  from  the  equipment-level  bar- 
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rier  and  is  somewhat  vulnerable  to  compromise 
because  all  the  protection  is  vested  in  the 
single  barrier  —  if  this  barrier  fails  the 
entire  protection  fails. 

Now  consider  the  opposite  extreme,  in  which 
all  protection  is  allocated  to  the  box  level, 
and  no  protection  is  provided  at  the  system 
level.  This  condition  is  illustrated  in  Figure 
3  by  the  bold  outline  of  the  equipment  boxes  and 
the  dashed  outer  contour  of  the  aircraft.  This 
allocation  is  sometimes  proposed  in  the  belief 
that  all  lightning  protection  can  be  incorpor¬ 
ated  into  the  box  requirements  by  upgrading  HIL- 
STD-461  to  include  lightning  requirements. 

A  more  careful  look  at  the  implications  of 
this  allocation  leads  to  the  conclusion  that  if 
no  protection  is  provided  at  the  system  level, 
the  boxes  must  be  required  to  withstand  the  full 
lightning  stress.  If  the  criterion  is  to  with¬ 
stand  a  200  kA  direct  strike,  then  the  boxes  and 
their  Interconnecting  cables  mist  tolerate  this 
threat,  since  no  protection  is  allocated  to  the 
system  structure.  This  is  believed  to  impose  a 
severe  cost  and  weight  penalty  on  avionics 
equipment.  In  addition,  all  our  protection  is 
again  vested  in  a  single  barrier  that  can  easily 
be  compromised.  No  systems  have  been  developed 
using  thic  allocation. 

Instead,  it  is  frequently  argued  that  there 
is  always  system  structure  present  to  reduce 
lightning  effects  somewhat;  hence,  the  boxes 
need  not  tolerate  the  direct  strike.  However, 
if  we  accept  this  argument,  we  leave  the  single¬ 
barrier  allocation  and  enter  a  two-level  (or 
more)  protection  system,  since  part  of  the 
protection  is  now  being  allocated  to  the  system 
structure  outside  the  boxes.  We  discuss  this 
allocation  in  the  following  section. 

PROTECTION  WITH  TWO  BARRIERS 

The  protection  approach  using  two  barriers 
allocates  part  of  the  protection  against 
lightning  (or  other  external  sources)  to  the 
system-level  barrier  and  the  remainder  to  the 
box  or  internal  equipment  barrier.  The  major 
issue  in  these  allocations  is  how  the  protection 
should  be  apportioned  between  these  two 
barriers.  It  would  appear  that  there  is  a 
continuum  of  allocations  between  the  two 
extremes:  discussed  above,  but  there  are  in  fact 
two  distinctly  different  allocations  in  this 
continuum.  The  difference  lies  in  whether  or 
not  the  lightning-induced  stress  is  the  dominant 
stress  inside  the  first  barrier. 

Let  us  assume  that  the  outer  barrier  per¬ 
mits  the  lightning-induced  transient  to  be  the 
largest  stress  ever  experienced  by  the  internal 
structure  and  equipment.  This  might  be  the  case 
suggested  above,  in  which  it  is  argued  that  the 
system-level  structure  reduces  the  lightning 
transient  somewhat,  even  though  we  are  primarily 
using  only  box-level  protection.  In  this  case 
(depicted  in  Figure  4),  the  lightning  transient 
inside  the  system-level  barrier  dominates  all 
internal  interference  sources. 

One  important  consequence  of  this  alloca¬ 


tion  scheme  is  that  the  internal  equipment,  its 
interconnecting  cables,  and  perhaps  other  inter¬ 
nal  structure  must  meet  lightning-specific 
requirements,  because  lightning  is  the  dominant 
transient  impressed  on  these  parts  oi  the  sys¬ 
tem.  In  addition,  we  must  be  able  to  estlm/ ta 
the  lightning  stress  applied  to  the  cables  and 
boxes  in  o'-der  to  meet  the  lightning  require¬ 
ment;  hence,  we  mist  understand  how  broad-spec¬ 
trum,  large-amplitude  transients  interact  with 
the  electromagnetics? ly  complicated  internal 
structure  to  ptoduce  the  stress  seen  by  the  box 
or  circuit  deep  inside  the  system.  Inasmuch  as 
many  of  the  boxes  are  used  in  many  different 
systems,,  these  difficult  analyses  would  have  ro 
be  made  for  all  foreseeable  systems  using  the 
boxes  to  obtain  an  envelope  of  the  stress  the 
boxes  must  tolerate. 

This  allocation  has  several  serious  short¬ 
comings  : 

(1)  The  boxes  mupt  withstand  lightning 
stresses  larger  than  any  other  stress 
they  are  ever  exposed  to. 

(2)  The  interaction  of  lightning  with  very 
complex  system  structures  and  internal 
cabling  must  be  well  understood. 

(3)  Those  who  specify  box  requirements 
must  foresee  all  future  applications 
of  the  box  and  understand  how  light¬ 
ning  will  stress  the  box  in  all  these 
applications . 

(4)  To  maintain  the  protection,  the  con¬ 
figuration  of  the  system  Inside  tt.e 
outer  barrier  must  be  controlled  to 
ensure  that  the  lightning  stresses 
remain  within  the  tolerance  of  the 
boxes . 

(5)  When  a  system  modification  changes  the 
Internal  configuration,  the  effective¬ 
ness  of  the  protection  must  be  reeval¬ 
uated. 

(6)  It  is  extremely  difficult  to  evaluate 
the  protection  because  of  the  number 
of  responses  deep  in  the  system  that 
must  be  verified. 

Some  of  these  difficulties  can  be  overcome 
by  overprotecting  the  boxes  and  internal  equip¬ 
ment.  A  major  problem  with  applying  this  idea 
is  that  it  presumes  one  has  a  sufficiently 
refined  solution  to  the  interaction  problem  that 
the  amount  of  protection  required  is  known  well 
enough  to  determine  that  overprotection  has  been 
provided.  Because  of  this  circular  logic, 
attempting  to  overprotect  at  the  box  level  is 
often  an  exercise  in  self-delusion. 

A  more  appropriate  place  to  provide  over- 
protection  is  at  the  system  level.  However, 
when  the  overprotection  reaches  the  point  where 
lightning  is  no  longer  the  dominant  stress 
inside  the  system-level  barrier,  we  enter  the 
domain  of  our  final  allocation:  sufficient 

protection,  at  the  system-level  barrier  that  the 
lightning-induced  stress  is  smaller  than  the 
transient  stress  produced  by  the  system  as  a 
result  of  normal  operation.  With  this  condition 
(depicted  in  Figure  5),  the  dominant  alec,romag- 


95-3 


netic  stress  at  all  points  Inside  the  aystem- 
level  barrier  is  produced  by  the  system 
itself.  These  transient  stresses  are  produced 
by  power  switching,  rectification,  load  regula¬ 
tion,  relay  coils,  solenoids,  and  many  other 
devices  and  functions  routinely  operating  on  any 
aircraft  and  in  any  facility. 

We  have  coined  the  term  "effectively  imper¬ 
vious"  to  describe  the  effectiveness  of  an 
electromagnetic  barrier  that  excludes  external 
sources,  so  that  inside  the  barrier  the  tran¬ 
sient  environment  is  determined  by  the  internal 
sources  and  is  unaffected  by  the  external 
sources.  In  our  final  allocation  scheme,  the 
system-level  barrier  is  made  effectively  imper¬ 
vious,  so  that  lightning  is  not  the  dominant 
stress  inside  the  system. 

When  lightning  is  not  the  dominant  stress 
inside  the  system,  the  six  shortcomings  listed 
above  vanish.  No  lightning-peculiar  require¬ 
ments  are  necessary  at  the  box  level;  no 
detailed  understanding  of  the  transient  response 
of  complicated  internal  structure  is  required  if 
lightning  is  not  the  principal  stress;  no 
lightning-dependent  configuration  control  is 
required  inside  the  barrier;  and  the  protection 
can  be  evaluated  at  the  system-level  barrier  — 
the  responses  of  thousands  of  internal  circuits 
for  millions  of  circuit  states  and  modes  of 
excitation  need  not  be  verified. 

The  use  of  an  effectively  impervious  system 
level  barrier  provides  all  of  the  ad\  antages  of 
the  single  outer  barrier,  but  it  aiuo  takes 
advantage  of  the  inherent  transient  tolerance  of 
the  boxes.  Thus,  although  the  boxes  need  not 
have  a  lightning-unique  specification,  they  must 
have  a  tolerance  for  system-generated  tran¬ 
sients,  and  the  protection  provided  at  the 
system  level  depends  on  this  system-generated 
transient  level.  Hence,  the  protection  has 
truly  bee.i  apportioned  between  the  system  and 
box  level  uarriers,  but  all  lightning-peculiar 
requirements  have  been  allocated  to  the  system- 
level  barrier. 

CONCLUSIONS 

Of  the  four  approaches  to  allocating  light¬ 
ning  protection  between  the  system  and  the  boxes 
or  LRUs,  those  that  depend  on  lightning-unique 
requirements  at  the  box  level  ate  the  most 
cumbersome  In  terms  of  implemenation  and  main¬ 
tenance.  Tnis  is  because  implementing  the 
lightning-unique  box  allocation  requires  a 
detailed  understanding  of  lightning  interaction 
with  very  complex  structures  and  very  large 
numbers  of  circuits,  states,  and  modes  of  exci¬ 
tation;  and  maintaining  this  allocation  requires 
control  of  the  internal  system  configuration. 
In  addition,  It  is  very  difficult  to  assess  the 
protection,  again  because  of  the.  complexity  of 
the  responses  and  the  number  of  conditions  that 
must  be  evaluated.  Finally,  the  protection  must 
be  reevaluated  with  each  modification  of  inter¬ 
nal  equipment  or  structure,  because  these  modi¬ 
fications  can  affect  the  internal  responses  to 
lightning,  and  lightning  is  the  dominant  stress 


inside  the  system. 

Those  allocations  that  do  not  permit  the 
lightning-induced  stress  to  be  the  dominant 
stress  inside  the  system-level  barrier  do  not 
suffer  from  these  shortcomings,  since  no  light¬ 
ning-unique  requirements  exist  in3ide  this 
barrier.  Since  lightning  is  basically  a  system 
problem,  rather  than  a  box  problem,  it  must 
penetrate  the  system  to  reach  the  coxes.  Hence, 
the  protection  should  be  applied  at  the  system 
level.  In  contrast,  intraaystem  compatibility 
is  basically  a  box  problem  —  noise  generated  in 
one  box  affecting  another  box,  or  noise  gener¬ 
ated  in  the  system  affecting  the  boxes  —  and  it 
is  properly  treated  at  the  box  level.  However, 
any  interference-control  proposal  that  requires 
the  designer  to  evaluate  the  penetration  of 
high-level,  broad-spectrum  sources  through  two 
layers  of  protection  and  through  the  complex 
structure  between  the  layers  should  be  ques¬ 
tioned  . 

We  conclude  that  the  appropriate  alloca¬ 
tions  of  protection  for  lightning,  nuclear  EMP, 
and  other  external  sources  are  those  that  pre¬ 
vent  these  sources  from  producing  the  dominant 
stresses  inside  the  system-level  barrier. 
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ABSTRACT 

"^Lightning  protection  of  modern  aerospace  vehi¬ 
cles  must  prohibit  sparking  in  critical  fuel  vapor  areas. 
In  the  past,  it  has  been  particularly  difficult  to  keep 
mechanical  fasteners  from  sparking  during  a  lightning 
event.  Attempts  to  seal  off  the  fasteners  from  the  crit¬ 
ical  fuel  vapor  area  by  manual  application  of  sealant 
material  have  proven  to  be  ineffective  due  to  gaps  and 
voids  produced  by  the  application  process.  A  tech¬ 
nique  was  developed  by  Douglas  Aircraft  Company  to 
control  the  application  of  dielectric  sealant  material  to 
isolate  the  mechanical  fastener  sparking  from  the  crit¬ 
ical  fuel  vapor  area.  The  technique  consists  of  a  spe¬ 
cially  designed  dielectric  cap  that  fits  over  the  fas¬ 
tener,  providing  uniform  and  controlled  application  of 
dielectric  filler  material.  An  adequate  thickness  of 
filler  material  provides  a  barrier  that  prevents  the 
sparks  from  entering  the  critical  fuel  vapor  area.  The 
Lightning  Spark  Barrier  is  applicable  to  a  wide  variety 
of  installations,  including  those  with  composite  mate¬ 
rials.  A  patent  has  been  applied  for.,, 

THE  MECHANICAL  FASTENERS  are  ,;sed  exten¬ 
sively  in  modern  aerospace  vehicles  to  secure  doors, 
access  covers,  and  other  hardware.  A  typical  fastener 
in  a  cross  section  view  is  shown  in  Figure  1. 

The  mechanical  fasteners  are  installed  primarily 
to  carry  structural  loads.  The  fasteners  are  usually 


FIGURE  1.  CROSS  SECTION  OF  TYPICAL  FASTENER 


chosen  from  a  vendor’s  pre-existing  inventory;  the 
shape  and  design  are  not  directly  related  to  prevent¬ 
ing  sparking.  Sparking  of  mechanical  fasteners  in  a 
critical  fuel  vapor  area  of  an  aircraft  must  be  pre¬ 
vented  during  a  lightning  event.  A  critical  fuel  vapor 
area  is  defined  as  an  area  where  fuel  vapor  and  air 
exist  in  a  stoichiometric  mixture  that  can  be  ignited  by 
a  low-intensity  spark.  (11* 

Typically,  hardware  is  attached  by  a  bolt  through 
a  hole  into  the  mechanical  fastener.  The  hardware  is 
usually  electrically  grounded  to  the  aircraft  fuselage 
through  the  attachment  bolts  into  the  mechanical  fas¬ 
tener.  Dielectric  paint  and  gaskets  typically  prevent 
the  hardware  from  making  electrical  contact  to  the 
fuselage  other  than  at  the  fasteners.  Therefore,  dur¬ 
ing  a  lightning  event,  when  the  lightning  discharge 
channel  contacts  the  external  hardware,  the  discharge 
current  must  flow  through  the  bolts  and  then  through 
the  mechanical  fasteners.  Sparking  occurs  when  there 
is  a  contact  resistance  at  the  interface  between  two 
adjacent  conductors  in  the  current  flow  path.  The  cur¬ 
rent  flow  path  in  a  typical  fastener  during  a  lightning 
discharge  is  shown  in  Figure  2. 


FIGURE  2.  CURRENT  PATH  AND  SPARKING  IN  TYPICAL 
FASTENER  DURING  LIGHTNING  DISCHARGE 


•Numbers  in  parentheses  designate  references  at  end  of  paper. 
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Typical  fastener  installations  were  subjected  to 
lightning  simulation  testing  to  determine  the  portions 
of  the  fasteners  that  spark.  Microscopic  examination 
of  the  fasteners  revealed  that  the  areas  of  sparking 
were  numerous,  even  with  proper  electrical  bonding 
at  interfaces.  The  areas  of  sparking  on  the  fastener 
were  dependent  upon  the  exact  physical  construction 
of  the  mechanical  fastener,  and  its  interface  with  the 
fuselage. 

THE  LIGHTNING  SPARK  BARRIER 

Many  investigators  have  examined  the  problem  of 
sparking  of  mechanical  fasteners  in  critical  fuel  vapor 
areas  (2,  3,  and  4).  Several  researchers  have  attempt¬ 
ed  to  use  sealant  material  around  the  fastener  to  pre¬ 
vent  the  sparks  from  entering  the  critical  fuel  vapor 
area,  but  abandoned  this  method  when  it  failed  in 
lightning  simulation  testing.  The  reason  for  failure  in 
all  cases  was  small  gaps,  voids,  and  variations  in  thick¬ 
ness  from  the  manual  application  of  the  sealant  mater¬ 
ial.  Douglas  lightning  simulation  testing  with  manual 
application  of  sealant  material  around  the  fasteners 
duplicated  the  results  of  previous  investigators  (Fig¬ 
ure  3). 


FIGURE  3.  PHOTOGRAPHIC  EVIDENCE  OF  MECHANICAL 
FASTENER  SPARKING  DURING  LIGHTNING 
SIMULATION  TESTING 


Douglas  has  recently  developed  an  effective  solu¬ 
tion  to  overcome  the  difficulties  previously  encoun¬ 
tered  in  using  dielectric  sealant  material.  A  technique 
was  developed  to  apply  dielectric  sealant  in  a  con¬ 
trolled  manner  to  prevent  the  voids,  gaps,  and  varia¬ 
tions  in  thickness  found  in  other  techniques.  This  tech¬ 
nique  is  the  Lightning  Spark  Barrier. 

The  technique  consists  of  a  specially  designed  di¬ 
electric  cap  that  is  placed  over  the  mechanical  fastener 
in  the  critical  fuel  vapor  area.  It  controls  the  thickness 
of  the  applied  dielectric  sealant  and  eliminates  voids 
and  gaps  (Figures  4,  5,  and  6).  The  cap  can  use  exter- 


FIGURE  4.  FASTENER  WITH  CUTAWAY  SHOWING  INTERIOR 
OF  LIGHTNING  SPARK  BARRIER 


FIGURE  S.  FASTENER  WITH  CUTAWAY  SHOWING  INTERIOR 
OF  LIGHTNING  SPARK  BARRIER 


nal  portions  of  the  fastener,  such  as  the  crimp  shoul¬ 
der,  to  align  the  cap  over  the  fastener.  Although  pro¬ 
per  alignment  is  not  necessary  in  the  design  of  the  cap, 
a  cap  designed  to  align  itself  properly  over  the  fas¬ 
tener  saves  weight  and  space. 

The  dielectric  filler  material  insiue  the  cap  can  be 
applied  in  two  ways:  (1)  The  cap  is  first  placed  over 
the  fastener  and  the  dielectric  filler  is  injected  through 
small  holes  in  the  cap,  or  (2)  the  filler  material  is  first 
placed  in  the  cap  and  then  the  cap  and  sealant  are 
placed  over  the  fastener.  Both  methods  have  proven 
to  be  satisfactory.  The  choice  of  either  is  dependent 
upon  installation  conditions. 

After  the  dielectric  filler  material  has  cured  and 
hardened  over  the  fastener,  it  acts  as  a  barrier  and 
prevents  sparks  from  physically  entering  the  fuel  va¬ 
por  area.  The  dielectric  barrier  material  must  be  of 
sufficient  thickness  around  the  sparking  areas  of  the 
fastener  to  provide  an  adequate  barrier  against  the 
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FIGURE  fi.  FASTENER  AND  LIGHTNING  SPARK  BARRIER  ON 
ACRYLIC  SHEET  SHOW  DIELECTRIC  FILLER 
MATERIAL  IS  FREE  OF  VOIDS  AND  GAPS 


sparks  and  the  joule  heating  pressure  of  the  sparking. 
This  thickness  dimension  will  depend  on  both  the 
shape  of  the  fastener  and  the  dielectric  filler  material 
chosen.  Lightning  simulation  testing  in  accordance 
with  known  spark  detection  techniques  (5)  is  always 
necessary  to  verify  the  design^of  the  lightning  spark 
barrier  for  each  type  of  fastener.  Theoretical  predic¬ 
tions  with  formulas  are  not  practical  because  of  the 
complex  geometries  involved.  The  dielectric  filler  ma¬ 
terial  does  not  have  to  be  a  sealant.  A  patent  applica¬ 
tion  for  the  Lightning  Spark  Barrier  was  filed  in  De¬ 
cember  of  1981. 

ADVANTAGES  OF  THE  LIGHTNING 
SPARK  BARRIER 

Previously,  large,  heavy  mechanical  fasteners 
were  used  in  critical  fuel  vapor  areas  to  carry  the 
lightning  discharge  current  without  sparking.  With 
the  addition  of  the  Lightning  Spark  Barrier,  smaller 
mechanical  fasteners  can  be  chosen  based  on  struc¬ 
tural  criteria  alone.  The  Lightning  Spark  Barrier  adds 
little  weight  to  an  aircraft,  and  actually  saves  weight 
over  present  designs. 

The  Lightning  Spark  Barrier  works  with  either 
anodized  or  alodine  coated  fasteners.  This  gives  the 
structural  designer  more  latitude  in  corrosion  preven¬ 
tion  in  the  applications  using  mechanical  fasteners. 


The  Lightning  Spark  Barrier  can  be  installed  any 
time  during  the  life  of  an  aircraft.  An  aircraft  can  be 
retrofitted  with  the  Lightning  Spark  Barrier  if  a  cri¬ 
tical  fuel  vapor  is  defined  after  the  airframe  is  in  pro¬ 
duction.  The  straightforward  design  of  the  Lightning 
Spark  Barrier  requires  minimal  skills  for  installation, 
making  it  easy  for  airline  service  personnel  to  retrofit 
the  aircraft. 

The  dielectric  filler  material  of  the  Lightning 
Spark  Barrier  can  also  serve  as  a  pressure  seal.  In 
many  cases,  sealant  material  would  be  applied  around 
the  fastener  for  pressure  containment  reasons  alone. 
The  Lightning  Spark  Barrier  can  be  used  as  a  pressure 
seal  also. 

The  dielectric  cap  for  the  filler  material  not  only 
provides  some  protection  against  sparking,  but,  when 
left  in  place  after  the  filler  has  cured  and  hardened, 
the  cap  provides  protection  against  mechanical  dam¬ 
age  to  the  barrier  material  by  maintenance  crewmen. 
In  access  doors,  it  is  especially  important  to  prevent 
service  personnel  from  accidentally  gouging  the  di¬ 
electric  filler  material  of  the  spark  barrier. 

One  of  the  most  promising  applications  of  the 
Lightning  Spark  Barrier  is  in  semieonductive  com¬ 
posites.  Due  to  the  semiconductive  nature  of  the  com¬ 
posite,  the  interface  between  the  mechanical  fastener 
and  the  composite  will  have  a  high  contact  resistance, 
giving  rise  to  sparking  during  a  lightning  event.  The 
Lightning  Spark  Barrier  is  potentially  the  only  solu¬ 
tion  available  to  prevent  mechanical  fasteners  from 
sparking  in  a  critical  fuel  vapor  area  where  semicon¬ 
ductive  composites  are  involved. 

CONCLUSION 

Spark';  from  a  mechanical  fastener  cannot  be  al¬ 
lowed  to  enter  a  critical  fuel  vapor  area  during  a  light¬ 
ning  event.  The  Lightning  Spark  Barrier  employs  a  di¬ 
electric  cap  that  controls  the  application  of  a  dielectric 
barrier  material  that  prevents  sparks  from  entering 
the  critical  fuel  vapor  area.  The  Lightning  Spark  Bar¬ 
rier  has  many  advantages  over  other  techniques, 
especially  in  composite  installations. 
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ABSTRACT 


’The  paper  provides  an  in-depth  look  at  the  lightning  protection 
features  of  the  world's  largest  commercial  helicopter,  the  Boeing  234. 
This  aircraft  regularly  carries  44  passengers  over  580  nautical  miles 
across  water,  in  IFR  and  VFR  flight  conditions,  at  altitudes  consist¬ 
ently  placing  it  in  foul  weather  conditions.  The  aircraft  is  examined 
from  the  viewpoint  of  systems  and  system  protection,  composite  external 
fuel  pods,  composite  crew  nose  section,  radome  protection  and,  where 
appropriate,  specific  subsystem  protection. 

Inservice  lightning  strike  experience  is  presented  as  well  as 
future  plans  for  the  aircraft 
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THE  REGULAR  OPERATION  OF  FARE  EARNING  ROTOR- 
CRAFT  to  a  published  schedule  places  demands  upon  the 
availability  of  a  helicopter  never  experienced  in  nonscheduled 
service.  The  aircraft  must  be  invulnerable  to  environmental 
effects  or  the  helicopter  very  soon  becomes  a  nonproductive 
piece  of  inventory  best  gotten  rid  of  prior  to  tax  assessment 
time.  Accordingly,  the  airframe  designer  is  challenged  to 
minimize  the  nonproductive  (nonflying)  time  that  each  indi¬ 
visual  airframe  might  experience.  It  then  falls  upon  the  electro 
magnetics  engineer  or  the  atmospherics  hazards  engineer  to 
protect  this  machine  so  that  it  does  riot  lose  revenue  service 
due  to  unnecessary  repairs  or  aborted  scheduled  trips.  This 
paper  traces  the  development  of,  and  delineates  the  atmos¬ 
pheric  hazards  protection  features  of,  the  world’s  largest 
commercial  helicopter  in  regularly  scheduled  service.  The 
service  history  of  the  aircraft  is  presented  along  with  the 
reasons  for  certain  design  decisions. 

BASIC  AIRCRAFT 

The  basic  fuselage  of  the  Boeing  234  (see  Figure  1 )  is  of 
conventional  shoetmetal,  rib,  frame  and  stringer  construction, 
with  windows,  doors,  and  escape  hatches  as  required  by 
certifying  authorities.  The  crew  section  is  primarily  Kevlar® 
and  glass  over  a  metal  skeleton.  The  rotor  blades  are  fiberglass, 
the  only  metal  being  the  leading  edge  erosion  protection 
strips.  Hubs  and  main  rotor  shafts  are  of  conventional  metal 
construction.The  aircraft  is  powered  by  twin  Lycoming  A5512 
engines  mounted  in  the  rear  of  the  aircraft  in  external  engine 
pods.  Fuel  is  carried  externally  in  pods  of  composite  construc¬ 
tion. 

THE  EXPECTED  ENVIRONMENT 

The  first  customer  was  British  Airways  Helicopters  and 
the  aircraft  was  scheduled  to  service  oil  riqs  in  the  North  Sea 
from  a  home  base  in  Aberdeen,  Scotland.  This  involves 
extended  flights  over  the  North  Sea,  at  altitudes  generally 
below  8,000  feet  (2,438.4  m)  (the  aircraft  is  not  pressurized)  for 
times  approximating  two  hours  and  a  half  from  takeof*  to 
landing.  Further,  during  some  seasons  of  the  year  this  involves 
extended  flignt  in  a  lightning  exposure  environment.  Ac¬ 
cordingly,  the  lightning  protection  of  the  aircraft  was  designed 
to  withstand  multiple  200,000  ampere  strikes  without  structural 
failure  In  critical  flight  components  such  as  rotor  blades, 
structure  and  fuel  pods. 

DESIGN  DEVELOPMENT 

In  designing  aircraft  to  fly  in  the  lightning  environment, 
the  design  must  first  satisfy  the  certifying  agencies  by  meeting 
certain  design  and  test  standards.  The  documentation  which 
served  as  guidelines  for  performance  criteria  are  many  and 
varied  (1  —  9).* 

A  search  ofexisting  regulations  regarding  the  lightning 
protection  of  rotorcraft  was  conducted.  I*  was  quickly  con¬ 
cluded  that  existing  regulations  were  not  explicit  or  did  not 
apply  directly  to  the  Model  234  Aircraft.  After  consi  iltation  with 
other  Boeing  divisions,  design  changes  specifically  oriented 
to  lightning  protection  were  made  to  the  aircraft.  Following 
this,  a  consultant  was  hired  to  evaluate  our  designs  and  his 
recommendations  incorporated.  The  resulting  design  is  that 
reported  in  this  paper.  Each  major  section  of  the  aircraft  is 
delineated. 


DEFINITIONS  OF  LIGHTNING  STRIKE  ZONES 


The  referenced  documents  served  as  guidelines  in 
selecting  the  general  zones  of  probable  lightning  attachment, 
and  the  probable  nature  of  the  stroke  attachment.  Selection  of 
the  zones  shown  was  made  by  judgment  and  comparison  witn 
known  lightning  strike  behavior  as  related  to  fixed  wing 
aircraft,  and  Heavy  Lift  Helicopter  model  studies  made  with  the 
model  rotors  turning.  The  ?:ones  shown  in  this  paper  should  be 
considered  as  an  indication  of  where  lightning  strikes  are  mo3t 
likely  to  attach,  rather  than  as  a  definition  of  locations  where 
the  Model  234  helicopter  will  and  will  not  receive  a  strike. 


The  general  zones  are  defined  as  follows: 


Zone  1  Surfaces  of  the  vehicle  for  which  there  is  a  high 
probability  of  direct  lightning-flash  attachment  or 
exit. 

Zone  lA  Initiai  attachment  point  with  low  probability  ot 
i  lash  hang-on,  such  as  a  nose. 

Zone  IB  initial  attachment  point  with  high  probability  of 
flash  hang-on,  such  as  a  tail  cone  or  aft  ramp. 

Zone  2  Surfaces  of  the  vehicle  across  which  there  is  a 
high  probability  of  a  lightning  flash  being  swept 
by  the  airflow  from  a  Zone  1  point  of  direct  flash 
attachment. 

Zone  2A  A  swept-stroke  zone  with  low  probability  of  flash 
hang-on,  such  as  blade  trailing  edge  or  landing 
gear. 

Zone  3  Surf»ces  of  the  vehicle  for  which  there  is  a  low 
probability  of  flash  attachment. 

Zones  related  to  the  234  are  as  follows: 

Zone  1A  Encompassestheforwardmostprojectionsofthe 
airframe,  the  sync  shaft  cover  from  forward  pylon 
to  aft  pylon,  the  blade  leading  edges  (entire  span) 
and  upper  and  lower  fairings  from  the  blade  tip 
inboard  18  Inches  (45.72  cm). 

Zone  IB  Includesthefucalagebotiomfromthefronttothe 
aft  most  extremity  until  just  below  the  APU 
exhaust  stack  and  fiom  the  bottom  of  the  aircraft 
to  approximately  haifway  up  the  fuel  pods. 

Zone  2  Extends  from  just  behind  trie  forward  pylon  aft, 
excluding  the  sync  shaft  cover. 

Zone  3  The  vertical  surfaces  of  the  aft  pylon. 

‘Numbers  in  parantheses  designate  References  at  end  of 

paper. 
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FORWARD  FUSELAGE  PROTECTION 

The  forward  fuselage  is  consiaered  to  run  from  the 
forward  most  portion  of  the  pitot  booms  to  the  production 
splice  located  at  Station  16U  (see  Figures  2  and  3) 

The  cone  of  profession  available  from  the  forward  hub  is 
45  degrees  in  total  breath  and  affords  adequate  protection  for 
ali  nose  areas  while  the  aircraft  is  on  the  ground.  The  blades, 
due  to  the  metal  leading  edges,  extend  this  cone  of  protection 
around  the  hub,  120  degrees  apart.  It  is  anticipated  that  ali  on 
the  ground  strikes  will  enter  or  exit  from  the  blades  or  hub  for 
the  upper  portion  of  the  airframe,  and  from  the  landing  gear  on 
the  bottom  surface.  There  is  a  remote  possibility  that  a  flash 
can  exit  the  VHF  antenna  blade.  The  more  likely  path,  however, 
is  the  landing  gear  since  the  impedance  of  the  arc  channel 
from  the  gear  will  be  much  less  there  than  to  arc  to  ground 
from  the  antenna  All  on-ihe-ground  strikes  experienced  In 
service  have  entered  one  or  more  rotor  blades  and  exited  via 
the  landing  gear. 

AIR  DATA  SYSTEM  —  The  pitot  tubes  are  installed  as 
indicated  in  Figure  4.  Lightning  which  attaches  to  the  tube  tip, 
has  the  available  metal  pitot  head,  the  metal  tube  outer  body 
and  the  inner  metal  air  data  tube  to  travel  to  the  skin  of  the 
aircraft.  The  pitot  boom  outer  tube  is  grounded  to  the  mounting 
base  by  metal  to  metal  contact.  The  metal  base  Is  pny3ically 
closo  to  the  1 20  by  1 20  aluminum  mesh  screen  (Figure  3)  and 
metal  to  metal  contact  is  also  made  through  the  pitot  tube  base 
mounting  hardware.  The  aluminum  mesh  screen  is  bonded  to 
metal  structure  at  the  rear  most  attachment  for  the  fiberglass 
nose  piece  by  rivets  and  otner  metallic  fasteners.  Via  this  path, 
the  principle  lightning  current  can  travel  from  the  strike  attach¬ 
ment  point  —  assumed  to  be  the  tip  of  the  pitot  tube  —  and 
♦ravel  via  metallic  paths  to  the  main  fuselage  structure  sur¬ 
rounding  the  cockpit.  The  current  then  flows  via  metallic  skin 
and  structure  to  the  strike  exit  or  harg-on  point.  The  pneumatic 
lines  within  the  pitot  boom  are  metallic  through  tne  boom 
assembly  and  cnange  to  plastic  Immediately  at  the  base  of  the 
boom  mounting  flanye.  The  rest  of  the  air  data  system  is 
nonconductive  1/4-Inch  tubing  (6.35  mm)  and  is.  therefo'e, 
not  endangered  by  a  lightning  strike  to  the  pitot  boom 
assembly. 

The  electrical  wiring  is  routed  through  a  protective 
copper  braid.  The  wires  exit  the  braid  near  structure.  Ona  is 
grounded  at  that  point  (power  return);  the  other  Is  lOuted  to 
control  circuitry.  The  copper  braid  eliminates  most  of  the 
voltage  or  current  that  could  be  induced  in  the  heater  power 
circuit 

RADOME  —  The  radome  is  of  fiberglass  and  Nomox® 
honeycomb  sandwich  construction.  Both  Inner  and  outer 
skins  are  fiberglass.  The  radome  is  finished  on  the  exterior 
surface  with  a  black  anti-static  paint  system.  It  Is  attached  to 
the  main  fuselage  using  a  metal  channel  closeout  ring  and 
hinges  and  striker  plates  with  metallic  guard  pins  and  latches 
(see  Figure  5).  The  outer  .surface  also  has  six  strike  guard 
tapes.  These  are  installed  and  grounded  as  shown  In  Figure  5, 
The  typical  current  path  in  a  strike  is  quite  de'inlte.  The  strike 
will  follow  the  patn  of  least  impedance  and  form  an  ionizeu 
path  on  the  surface  of  the  strikeguard.  Upon  reaching  the 
metal  plates  at  the  rear  of  the  radome,  the  current  will  take  two 
paths  Some  small  portion  will  arc  from  these  baseplates  to 
metal  skin  and  hence  on  out  of  the  airfrnme  through  the  exit 
point.  The  larger  balance  will  go  from  the  baseplate  through 
the  fasteners  to  the  meiallic  channel  closeout  ring  to  the  striker 
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plates  and  guideplns  to  airframe  and  the  exit  point  (see  Figure 
4).  These  components  are  masslv  3  and  numerous  (8  pins,  each 
1/4-inch  (6.35  mm)  In  diameter)  and  the  damage  expected  is 
cosmetic  In  a  200,000  ampere  strike. 

BLADES  AND  HUB  —  The  rotor  hub  Is  all  metal  and 
massive.  It  is  solidly  attached  to  the  main  rotor  shaft  In  order  to 
transmit  the  drivG  forces  necessary  for  flight  and  is  considered 
massive  enough  to  carry  the  lightning  currents  Into  the  main 
drive  system  without  damage.  In  the  drive  system,  the  gears, 
bearings  and  other  metallic  components  are  large  enough  and 
with  sufficient  contact  area  to  carry  the  lightning  current 
without  catastrophic  results.  No  testing  is  considered  neces¬ 
sary  in  this  area. 

The  rotor  blades  are  of  fiberglass  and  graphite  con¬ 
struction  with  Nomex  honeycomb  to  maintain  the  airfoil  In  the 
aft  fairing  area.  These  blades  were  successfully  strike  qualified 
to  the  waveforms  recommended  by  the  report  of  SAE 
Commltteo  AE4L. 

AIRCREW  AND  CABIN  STRUCTURE  -  The  aircrew 
and  cabin  structures  are  located  In  Strike  Zone  I A  (Figures  1 
and  2).  As  such,  we  can  expect  flash  attachments,  but  little  or 
no  flash  hang-on.  The  structure  In  this  area  Is  metal,  except  for 
windows  and  windscreens.  This  Is  considered  adequate  pro¬ 
tection  as  the  aircrew  In  effect  sits  Inside  a  cage  formed  by 
aircraft  structure  and  skin  with  apertures.  The  dle-electrlc 
strength  of  windscreens  and  windows  precludes  arc  entry  as 
metallic  structure  and  framing  in  close  proximity  provides  a 
lower  Impedance  path  to  primary  structure  and  the  arc  exit 
point.  To  protect  from  the  effects  of  flash  blindness,  bright 
cockpit  storm  lights  are  provided. 

CENTER  FUSELAGE  PROTECTION  (Excluding  Fuel  Pods 
—Figure  6) 

CONVENTIONAL  FUSELAGE  SECTION  -  The  center 
fuselage  (except  for  windows,  doors  and  the  sync  shaft  tunnel 
cover)  is  metal  skin  on  metal  ribs  and  stringers.  These 
structural  components  are  assembled  using  standard  aircraft 
fabrication  techniques  and  quality  control  safeguards.  Minor 
burning  cart  be  anticipated  at  the  points  of  arc  attachment.  The 
severity  would,  of  course,  vary  with  skin  thickness. 

NONCONVENTIONAL  FUSELAGE  SECTIONS  —  Sev¬ 
eral  areas  of  the  fuselage  are  not  of  conventional  rib,  stringer, 
and  skin  construction. 

Svnc  Shaft  T unnel  Covers  —  The  sync  shaft  tunnel  runs 
ihe  length  of  the  fuselage  from  the  aft  pylon  to  the  forward 
fuselage  above  the  normal  cabin  structure  (see  Figure  6).  This 
sync  shaft  is  the  drive  system  link  from  the  engines  and  Is 
safety  of  flight  critical.  As  such,  the  tunnel  covers  which 
enclose  the  sync  shaft  are  metal  skinned,  metal  core  honey¬ 
comb  (see  Figure  7).  The  lightning  currents  which  attach  to  the 
tunnel  cover  are  conducted  off  around  the  sync  shaft  through 
metal  piano  type  hinges  on  one  side,  and  metal  to  metal 
contact,  secured  by  1 /4-turn  fasteners  on  the  other.  The  sync 
shaft  tunnel  floor  and  side  walls  are  also  niuminum.  With  the 
tunnel  covers  closed  and  secured,  the  shaft  runs  essentially 
inside  a  rectangular  metallic  cage  and,  as  such,  Is  not  threat¬ 
ened  by  the  lightning  environment. 

Windows  and  Exits  —  The  windows  consist  of  Plexi¬ 
glass  ®^surroundedby  gaskets  which  retain  the  transparent 
Plexiglass  in  the  metal  skin  structure  (Figure  6).  No  lightning 
protection  Is  added  for  the  small  windows.  This  is  consistent 
with  successful  commercial  designs  on  FAA  and  CAA  certified 
passenger  airliners.  Additional  protection  is  considered  not 
necessary  for  passenger  windows  of  this  sire. 

®  Rohm  and  Haas,  Philadelphia,  Pennsylvania 
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Tne  jxits  represent  a  larger  break  in  the  contiguous 
aircra'.i  skin.  Some  exits  have  windows  in  addition.  Most  exists 
are  constructed  of  fiberglass  or  fiberglass  with  a  paper  Nome* 
core  for  rigidity.  Ir  all  cases,  the  fiberglass  portions  of  the 
ooors  are  completely  covered  with  aluminum  mesh  screen 
(120  by  120  or  100  oy  120  mesh)  In  turn,  all  are  n-tained  in  the 
fuselage  using  metal  latches  and  pins  and  in  the  case  of  normal 
exits,  metal  hinges.  All  melal  attachment  hardware  is  in 
intimate  metal  to  metal  contact  with  the  aluminum  mesh 
screen  since  ne  metallic  fasteners  (rivets,  screws  and  bolts) 
go  directly  the  >i  gh  the  aluminum  mesh  screen.  Latches,  bolts 
and  hinges  are  considered  adequate  to  prevent  the  lightning 
currents  from  entering  the  fuselage  interior  and  threatening 
occupants. 

Wiring  —  The  wiling  runs  are,  without  e  ohon, 
located  within  the  metallic  fuselage  on  the  inner  at  „ces  ol 
the  main  fuselage  formers  As  sue! ,,  they  are  protected  from  all 
lightning  direct  effects  since  they  are  surrounded  with,  metallic 
structure.  For  a  general  arrangement,  see  Figure  8.  No  other 
special  consideration  is  given  to  wiring  except  local  shielding 
and  standard  decoupling  techniques. 

Occasionally,  it  is  necessary  to  exit  this  fuselage  to 
route  wiring  to  equipment  bays,  fuel  pods,  landing  gear,  etc. 
Where  this  happens,  the  wire  runs  are  still  located  within  inetal 
fuselage  extensions,  consisting  primarily  of  fiberglass  skin 
entirely  covered  with  aluminum  mesh  screen  and  firmly 
attached  to  the  mete  I  airframe  via  metallic  fasteners  or  bolts;  or 
aluminum  skins  and  fairings,  solidly  attached  to  the  main 
fuselage.  No  further  protection  was  incorporated. 

AFT  FUSELAGE  PROTECTION 

AFT  RAMP  AND  PYLON  (See  Figure  9)  —  The  aft  ramp 
on  thecomrr.ercial  helicopter  ;s  all  metal,  including  the  sliding 
tongue.  Consequently,  lightning  current  exiting  the  aircraft 
through  the  ait  ramp  is  no  more  serious  than  an  exit  point 
through  any  bottom  skin. 

The  lower  trailing  edge  of  he  aft  pylon,  while  labeled  as 
a  Zone  2B,  may  be  IB  or  2A.  i  're  is  a  probability  of  flash 
hang-on  on  the  metui  portions n>.  above  the  aft  ramp  and  very 
little  probability  of  flash  hang-on  on  the  fiberglass  portions  of 
the  pylon.  Neither  condition  affects  safety  of  flight. 

The  aft  pylon  vertical  skin  areas  (see  Figure  9)  are 
generally  considered  to  be  Zone  3,  an  area  of  very  low 
probability  of  direct  arc  attachment.  The  rotor  hub,  blades, 
etc.,  wili  tend  to  protect  this  area  even  in  a  swept  stroke 
phenomenon  where  the  biades  and  hub  present  a  much  more 
attractive  attachment  point. 

LANDING  GEAR  —  The  aft  landing  gear  is  solidly 
attached  to  primary  structure  with  massive  bolts  and  large 
contact  surface  area.  This  ispresents  the  most  logical  exit 
point  on  the  bottom  half  of  the  aft  pylon  section.  Military 
CH-47C  Chinook  helicopters  have  had  lightning  exit  the 
landing  gear  without  structure!  damage.  The  landing  gear 
used  on  the  Model  234  issimilarto  tho  military  Chinook.  Minor 
strut  changes  are  made  to  accommodate  a  commercial  type 
mission. 

FUEL  PODS 

ELECTRICAL  EQUIPMENT  BAYS,  FORWARD  AND 
AFT  (See  Figure  10}  —  The  equipment  podc  are  of  metal 
skinned  Nomex  honeycomb  shelves  and  bulkheads.  The 
aluminum  screened  glass  and  Nomex  skins  are  bonded  to 
main  airframe  using  rivets,  bolts  and  screws,  installed  using 
conventional  aircraft  techniques.  These  skins  react  much  like 
metai  skin.’  with  the  added  advantage  of  quick  repairability. 


This  protection  methoa  will  withstand  direct  stroke  attachment 
and  has  been  used  on  the  lightning  Qualified  rotor  blades.  No 
further  protection  of  the  equipment  bays  is  used. 

FUEL  PODS  —  EXTERIOR  (See  Figure  11)  —  The  fuel 
pods  which  extend  up  to  36  incr.es  (91.44  cm)  outside  the 
fuselage  mold  line,  are  constructed  of  fiberglass,  Kevlar, 
Nomex  core,  Kevlar  and  giass,  and  completely  covered 
aluminum  mesh  screen  on  their  outer  wetted  areas.  Selected 
portions  of  the  pods  use  graphite,  particularly  spFces. 

The  pods  are  constructed  of  three  curved  pieces  (see 
Figure  12)  which,  when  spliced  together,  form  tho  cylindrical 
fuel  pod.  The  splices  run  parallel  to  the  'ong  axis  of  the  fuel 
pod.  The  bulkheads  at  either  end  of  the  pod  are  fastened  to  the 
end  of  the  pod  tube.  The  graphite  used  in  the  pods  is  separated 
from  free  stream  air  by  several  layers  of  fiberglass  which,  in 
turn,  is  completely  covered  by  aluminum  mesh  screen.  The 
portions  of  the  pod  next  to  airframe  skin  do  not  have  aluminum 
screen  to  avoid  potential  arcing  in  an  inaccessible  area  (see 
Figure  12).  Spiices  are  covered  again  with  aluminum  mesh 
screen,  which  overlaps  the  entire  joint  and  adjacent  screen 
(Figure  12).  The  use  of  aluminum  screen  greatly  reduces  the 
induced  voltage  on  internal  components,  relative  to  strip  or  bar 
or  wire  grid  protection. 

Any  lightning  currents,  induced  in  or  attached  to  the 
pod  skin,  will  be  conducted  through  (he  mesh  screen  to  the 
bonding  plcte  located  on  the  forward  and  aft  extreme  enu  of 
the  pod  bottom  (see  Figure  12).  From  this  bonding  plate,  three 
bonding  biaids,  3/4-in.  (1.90b  cm)  minimum  width,  run  over  to 
main  airframe  ahachment  points.  Each  braid  exceeds  the  CAA 
and  FAA  requirements  for  lightning  bonding  jumper  cross 
section.  Six  per  pod  are  provided  to  ease  maintenance  require¬ 
ments  and  to  make  certain  of  excess  multiple  strike  capacity. 

The  bonding  plate  concept  used  to  transfer  current  from 
the  aluminum  screen  to  the  bonding  jumper  without  excessive 
damage  to  the  aluminum  screen,  was  shown  to  be  successful 
on  the  rotor  blades  and  is,  in  fact,  used  from  the  trailing  edge 
trim  tabs  to  the  metal  leading  edge.  These  blade  tests  showed 
that  the  surface  areas  used  provide  adequate  surface  area 
between  the  wire  mesh  and  the  bonding  plates. 

FUEL  PODS  —  INTERIOR  (See  figure  i3)  —  The 
primary  objective  within  the  fu6l  pods  is  to  eliminate  the 
possibility  for  sparks.  Without  sparks,  fuel/air  mixtures  are  not 
going  to  ignite  when  the  aircraft  is  subjected  to'  high  skin 
currents,  such  as  during  a  lightning  strike.  This  was  ac¬ 
complished  by  never  allowing  a  continuous  current  path 
within  the  fuel  pod  by  using  nonmetallic  hose  braids,  and  other 
materials  exhibiting  sufficient  physical  strength  and  high 
dielectric  and  high  resistance.  Some  examples  are  teflon  and 
teflon  based  materials,  nylon  braids,  rubber,  etc.  Several 
examples  are  shown  in  Figure  13. 

As  shown  in  Figure  13,  pipe(S)is  metal,  grounded  only  at 
one  end  to  the  metai  flange/pump  housing  using  a  braided 
bonding  jumper  assembly.  Both  hoses,  one  at  each  end,  are 
nonconductivc,  nonmetallic,  nylon  overbraid  type  assemblies. 
Other  hoses  marked®,  which  run  fi  om  one  end  of  the  tank 
across  the  length  on  top  and  connect  to  the  respective  vent 
boxes,  are  nonmetallic. 

Ail  wires  carrying  signals  or  power  are  insulated  from 
fuel  pod  exterior  skins  by  the  normal  resistance  to  case  and 
dielectric  of  the  powered  components.  Examples  are:  valve 
coils,  motors  for  fuel  pumps,  capacitance  iype  fuel  probes  and 
isolated  from  ground  (i.e.,  2-wire)  thermistor  sensing  circuits. 

With  the  bonding  jumper  arrangement,  all  metais  for 
piping  or  housings  within  the  fuel  pods  are  grounded  to  the 
pod  exterior  at  only  one  point  along  that  piece  of  metal.  This 
eliminates  any  ground  or  current  loops,  giving  only  the 
exterior  surface  oi  the  pod  as  the  contiguous  current  path.  The 
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one  exception  is  the  electric  bundle  carrying  boost  pump 
motor  power.  The  existing  parallel  lightning  current  path  is  via 
the  outer  stee1  braid  of  the  boost  pump  cable  assembly.  To 
preclude  arcing,  this  cab'e  is  spark  tested  under  lightning 
current  conditions.  The  arc  test  required  during  qualification 
is  as  follows: 

"Arc  Test-  With  hard  connections  to  the  shell  of  each 
connector,  the  entire  cable  assembly  shall  be  sub¬ 
jected  to  a  1,000  amp  impulse  test  of  10  x  20  current 
wavoform.  This  test  is  to  he  monitored  with  cameras 
with  the  snutters  open  during  the  test.  Any  sparks,  as 
evidenced  by  exposed  film  is  cause  tor  rejection." 

F uel  Pod  Penetrations  —  The  fuel  pod  is  penetrated  in 
four  areas  (see  Figure  13): 

•  At  the  forward  bulkhead  where  the  pressure  refueling 
fittings  are  located  as  we'!  as  a  manhole  for  insertion  and 
removal  of  fuel  system  components 

•  At  the  aH  bulkhead  where  the  fittings  for  the  fuel  lines  to 
the  engine  are  located  in  a  manhole  cover  and  the  fuel 
jettison  fittings  which  go  overboard  and  vent  lines  going 
to  vents  in  the  aft  pod  fairing 

•  At  the  gravity  fill  panel,  which  contains  the  gravity  refuel 
provisions  and  equipment,  and  the  center  fuel  quantity 
measurement  probe 

•  At  the  locations  for  the  forwaro  and  aft  fuel  quantity 
probe. 

These  penetration  fittings  are  behind  aluminum  skin  or 
wire  mesh  covered  fiberglass  skins.  As  such,  these  fittings  are 
no*,  likely  to  experience  direct  stroke  attachment.  Hose  as¬ 
semblies  for  pressure  refueling  (forward  penetrations)  and 
engine  fuel  feeds  (aft  penetrations)  are  nonconductive  rubber 
with  a  conductive  steel  outer  braid.  All  gaskets  to  seal  metal 
hatch  covers  are  standard  commercial  sizes  and  have  lightning 
scallops.  This  standard  configuration  (Figure  14)  is  used  on  ail 
gasket  seals  on  the  Model  234,  except  for  man  hole  covers 
where  a  larger  gasket  is  required.  In  that  case,  a  Boeing 
designed  gasket  using  similar  protection  techniques  (i.e.,  light¬ 
ning  scallops)  is  used.  Penet-ation  covers  of  the  bulkheads  are 
metallic.  Inside  the  fuel  tank  the  fittings  attach  to  rubber  hoses 
with  steel  braid.  The  forward  and  aft  penetrations  do  not  in 
themselves  present  a  hazard  in  the  lightning  environment,  as 
they  are  shielded  by  metal  skins  or  screen  covered  skins. 

Fuel  Quantity  Probes  — ■  The  pod  is  penetrated  in  three 
places  for  the  installation  and  removal  of  fuel  quantity  measure¬ 
ment  probes  (Figure  13).  One  Is  shared  with  the  gravity 
refueling  port  and  the  manual  fuel  level  probe.  The  remaining 
two  are  identical  one  in  the  forward  quarter  of  the  tank  and 
one  in  the  aft  quarter  of  the  tank.  All  three  are  mounted  as 
shown  in  Figure  15.  The  lightning  integrity  is  maintained  by 
metei  to  rr.etal  contact,  all  the  way  across  the  penetration.  A!! 
potential  spark  areas  are: 

•  Designed  to  isolate  the  spark  from  the  pod  interior 

•  Designed  to  isolate  potential  interior  sparks  from  the  fuel, 
or  fuel/air  vapor. 

Figure  15  shows  in  detail  how  the  fuel  is  contained 
w'thin  a  reinforced  rubber  bag  and  all  metal  joints  are  kept 
outside  the  fuel  bag.  This  keeps  sparks  which  may  occur, 
away  from  the  hazardous  environment.  The  sensitive  areas  of 
the  fuel  probe  arc  in  turn,  isolated  by  nylon  assemblies  from 
the  exterior  mounting  flange,  thus  controlling  arc  over.  The 
nylon  insulation  is  1  inch  (2.54  cm)  long  and  is  considered  to 
be  the  minimum  recommended.  Such  currents  as  caused  by 
induction  are  routed  over  low  resistance  paths  to  main 
airframe.  Mechanical  joints  are  large  enough  to  eliminate  the 
potential  arcs.  Current  loops  are  broken  by  insulators. 

Drain  and  Pump  Mounting  Flanges  (Typically  Aft)  — 
These  flanges  are  on  the  bottom  aft  of  the  fuel  tank  end 


represent  a  very  probable  stroke  entry  or  exit  point.  These 
fittings  are  again  designed  to  keep  sparking  out  of  the  fue!  bag 
(see  Figures  13  and  15).  Fuel  pumps  are  recessed,  the  drain  is 
flush.  This  makes  the  most  probable  attachment  point  the 
mounting  hardware.  The  outer  surface  (next  to  f  reestream  air) 
is  in  all  cases  metal,  providing  a  contiguous  path  on  the  pod 
outer  surface. 

Boost  Pump  and  Vent  Valve  Installation  (Typically 
;nrd)  (See  Figure  13)  —  These  flanges  are  on  tbs  bottom 
v.  i.  d  of  the  fuel  tank  and  represent  a  probable  stroke  entry 
o<-  exit  point.  These  fittings,  too,  are  designed  to  keep  sparking 
outside  the  fuel  bag.  They  provide  a  contiguous  current  path 
on  the  exterior  of  the  pod  with  metal  surfaces  exposed  to  free 
stream  air.  The  pump  is  recessed.  The  most  probable  attach¬ 
ment  point  is  on  the  vent  valve  body  or  the  flange  attaching 
hardware. 

Gravity  Fill  Adapter  (See  Figure  13)  —  The  gravity  fill 
adapter  is  the  access  to  the  fuel  bag  for  the  following 
components: 

a.  Gravity  Fuel  Filler  Cap 

b.  Probe  Assembly,  Fuel  Gaging  System 
c  Manual  Fuel  Level  Dip  Stick 

d.  Automatic  Fuel  Shutoff  for  Pressure  Refueling. 

All  four  items  are  firmly  attached  to  the  metal  adapter 
plate  using  metal  bolts.  The  tops  or  exposed  portions  of  items 
c  through  d  above  are  metallic.  For  additional  protection: 

Item  a  is  lightning  qualified. 

Item  b  has  insulating  nylon  between  the  exposed  cap 
and  any  metal  system  elements. 

itom  c  has  fiberglass  and  other  nonmetallic  materials 
below  the  upper  cap.  Isolated  metal  items  in  this  probe  are 
separated  from  the  cap  by  fiberglass  and  other  nonmetallic 
insulators. 

Item  d  is  isolated  from  othei  internal  tanx  components 
since  nonconductive  hoses  are  used  to  attach  to  it. 

Accordingly,  all  items  connected  to  the  gravity  fill 
adapter  are  electrically  connected  only  to  the  pod  exterior  or 
have  sufficient  nonconductors  to  isolate  other  attached  con¬ 
ductive  components  from  di'ect  strike  current  and  do  not 
provide  a  current  path  for  direct  or  induced  currents. 

FUEL  JETTISON  SYSTEM  (See  Figure  16) 

The  Fuel  Jettison  System  is  all  metal.  The  hose  con¬ 
necting  the  tube  control  and  guide  module  to  the  valve  on  the 
aft  pod  wail  is  steel  braid  over  ri  ibbei .  The  jettison  system  tube 
storage  housing  is  attached  to  main  airframe.  The  tube  guide  is 
attachod  to  a  fiberglass  sandwich  skin  covered  with  aluminum 
mesh.  Tne  valve  at  tne  rear  of  the  tank  is  isolated  from  all  other 
metal  conductors  within  the  tank,  but  is  solid!;,  connected  to 
airframe  v!a  jettison  hose  assembly. 

When  activated,  the  tube  extends  beyond  the  airframe 
40.8  inches  (1.04  m)  minimum,  such  that  fuel  does  not  impinge 
on  any  portion  of  the  cirframe.  No  flame  arrestors  aro  used. 

The  fuel  jettison  system  is  normally  fully  retracted.  The 
system  is  used  only  in  the  event  of  an  emergency  requiring  a 
rapid  loss  of  airframe  weight  to  effect  an  abnormal  landing. 
The  LOW  FUEL  caution  light  is  nominally  at  the  30  minute 
level.  Operationally,  the  pilot  will  close  the  jettison  system  at 
the  illumination  of  LOW  FUEL  caution  light.  Flame  propagation 
in  the  jettison  system  is  a  problem  only  when  the  tube  is 
extended;  ths  valve  is  open  and  a  *uei  air  mixture  is  present 
(i.e.,  fuel  flow  has  stopped)  and  the  jettison  tube  experiences 
lightning  arc  attachment.  By  closing  the  valve  when  fuel  stops 
flowing,  the  risk  of  exposure  to  flame  propagation  is  sufficient¬ 
ly  small  so  that  additional  flame  arresting  paraphernalia  is  not 
required. 
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The  main  lightning  protection  features  of  the  fuel 
jettison  system  are  its  bonding  and  current  paths.  The  only 
situation  requiring  more  explanation  is  the  sequence  of  events 
in  the  event  of  a  lightning  strike  to  the  extended  jettison  probe 
after  fuel  jettison  has  been  completed  and  a  combustible 
mixture  is  present  in  the  jettision  system. 

To  recap,  while  jettisoning,  the  system  is  full  of  fluid,  no 
air  is  present  and  the  mixture  is  nnt  explosive.  When  the  LOW 
LEVEL  fuel  light  illuminates,  the  pilot  will  select  Jettison  OFF, 
At  this  point,  we  assume  an  explosive  mixture  is  present  in  the 
jettision  and  fuel  tank  systems. 

Upon  selecting  Jettison  OFF,  the  jettison  valve  closes, 
isolating  the  fuel  tank  from  the  jettison  tubes.  A  lightning  strike 
any  time  after  this  valve  closing  may  or  may  not  ignite  the 
fuel/air  mixture  in  the  tube.  If  ignited,  the  flame  wall  will 
propagate  up  the  tube,  through  the  tube  adaptor,  up  the  steel 
braid  over  rubber  hose  to  the  valve  body.  At  the  valve  body,  the 
flame  w’ll  extinguish  as  it  has  nowhere  else  to  go. 

FUEL  VENTS  (See  Figure  17) 

The  fuel  vent  exit  is  on  the  aft  inboard  end  of  the  pod,  on 
the  exterior.  The  vent  opens  into  the  space  between  the  aft  pod 
bulkhead  and  the  forward  bulkhead  of  the  aft  equipment  bay. 
This  area  is  exposed  to  rotor  downwash  and  is  open  to  purge 
the  fuel  vapors  out.  Under  worst  case  conditions,  the  size  of 
the  purge  slit  is  40  square  inches  (258.08  sq  cm).  With 
maximum  production  tolerances,  it  may  be  as  much  as  60 
square  inches  (387.12  sq  cm). 

Lightning  attachment  to  the  fuel  vent  system  Is  quite 
unlikely.  In  the  event  that  it  does  attach,  the  covering  from  the 
aft  fairing  is  coated  with  aluminum  mesh  which  is  in  turn 
fastened  to  the  shell  of  the  aft  equipment  areas  and  again  to 
fuselage  metal  —  all  with  motallic  fasteners.  Lightning  will 
attach  either  to  the  pod  or  to  the  aft  fairing.  In  addition,  all 
piping  external  to  the  fuel  pods  is  nonconductive  hosing  and 
offers  no  conductive  path.  A  schematic  representation  of  the 
fuel  vent  protection  is  shown  in  Figure  17. 

INSERVICE  STRIKES 

Several  strikes  have  been  experienced  by  234s  while 
enroute  from  point  to  point.  Customers  using  the  Chinook 
military  version  of  the  234  with  ttie  same  rotor  blade  design, 
have  had  similar  experiences.  In  all  cases,  the  rotor  blades 
were  returned  to  service  or  placed  in  the  customer's  stores 
inventory  with  only  several  hours  elapsed  shop  repair  time. 

Of  special  interest  is  the  first  reported  Boeing  234  in-air 
strike  While  enroute  from  Aberdeen,  Scotland  to  an  oil  rig  in 
the  North  Sea,  u  Boeing  234  was  struck  by  lightning  while 
cruising  approximately  at  125  knots  indicated  at  a  bai  'metric 
altitude  of  approximately  4,000  feet  (1,219  m).  Tire  pilot 
reported  seeing  a  bright  flash  at  his  11  o'clock  position.  No 
other  effects  were  immediately  noticed.  It  was  noted  a  short 
time  later  that  the  ADF  was  not  functioning.  No  instability  or 
other  avionics  system  glitches  were  noticed.  No  other  mani¬ 
festations  of  electrical  system  upset  or  overload  were  noted. 
The  aircraft  continued  to  its  destination  and  returned  to 
Aberdeen  where  a  post  strike  inspection  was  conducted.  The 
bright  flash  seen  by  thu  pilot  was  an  arc  attachment  to  the 
forward  rotor  near  a  blaoe  tip. 

Of  the  blades  involved,  three  were  forward  rotor  blades, 
and  one  was  an  aft  blade  The  two  remaining  aft  blades  were 
not  h  "olved  sufficiently  to  produce  visible  evidence  of  in¬ 
volvement.  Of  the  three  forward  rotor  blac'es  involved,  one 
blade  sustained  the  greatest  tell-tale  damage.  It  is  therefore 
concluded  that  this  blade  was  the  initial  stroke  attachment 
point. 


The  most  probable  stroke  configuration  and  sequence 
of  events  follows,  with  graphic  representation  of  arc  channel 
configurations  and  relative  positions  of  the  arc  channel, 
blades  and  airframe  In  10th  second  intervals  being  presented 
in  Figures  1 8  and  1 9.  The  total  involvement  time  was  something 
less  than  3/10th  of  a  second.  In  this  period,  all  three  forward 
rotor  blades  were  involved  and  one  aft  rotor  blade,  with  the 
channel  extinguishing  prior  to  the  involvement  of  the  re¬ 
maining  two.  The  reader  should  keep  in  mind,  that  at  the 
approximate  cruise  speed  and  rotor  rpm,  the  aircraft  advances 
approximately  21.1  feet  (6.4313  m)!n  a  tenth  of  a  second,  and 
the  rotor  rotates  approximately  132  degrees. 

The  advancing  aircraft  probably  first  contacted  a  new 
channel  being  formed  with  the  green  blade  in  the  approximate 
1 1  o’clock  position.  This  was  during  the  stepped  leader  phase 
where  the  stepped  leader  was  almost  but  not  yet  in  contact 
with  the  rising  dart  leader  from  the  ground.  Before  flying 
another  18  inches  (45.7  cm)  forward,  the  return  stroke 
contacted  the  blade  on  the  tiedown  fitting  causing  the  flash  at 
1 1  o'clock  visible  to  the  pilot,  but  since  the  blade  was  rotating 
rearward,  away  from  the  channel,  the  arc  hung  on  to  the 
trailing  edge.  This  would  account  for  the  tiedown  fitting 
damage  and  the  trailing  edge  damage  on  the  green  blade.  Peak 
currents  are  estimated  at  much  greater  than  10,000  amperes 
and  probably  less  than  90,000  amperes.  The  primary  current 
path  was  from  the  tiedown  fitting  rearward  across  the  blade 
(blade  is  covered  with  120  by  120  aluminum  mesh  at  this  point) 
to  the  trailing  edge  where  it  rejoined  the  stepped  leader. 
Eventually  the  blade  cleared  the  channel  and  its  involvement 
ended;  however,  during  its  involvement,  some  current  want 
from  the  tiedown  fitting,  inboard  to  the  hub,  through  the  rotor 
shaft,  thrust  bearing  and  transmission,  airframe  to  finally  exit 
via  the  left  forward  landing  gear  jack  pad  located  between  and 
oehind  the  wheels.  This  caused  the  tell-tale  jumper  strips  to 
loosen  and  show  signs  of  high  current  and  the  bottom  one  to 
be  blown  off  the  aircraft.  The  peak  current  through  the  drive 
system  and  airframe  from  this  blade  is  estimated  at  less  than 
30,000  amperes  but  more  than  6,000  amperes.  In  addition,  this 
blade  was  not  involved  with  *he  lightning  (lash  a  second  time 
since  with  the  combination  of  rotor  rpm  and  forward  velocity, 
the  blade  rotor  disk  was  clear  of  the  arc  channel  by  the  time 
this  blade  was  again  in  close  proximity  to  the  channel  (see 
Figures  18  and  19), 

CH-47  AND  OTHER  HELICOPTER  biRIKE  EX¬ 
PERIENCE  —  Only  two  documented  strikes  arc  known  on  U  S. 
Army  CH-47  helicopters  (parent  model  of  the  234).  Goth 
strikes  were  on  Lie  ground  with  eyewitnesses  located  away 
trom  the  aircraft.  Botfi  strikes  wore  from  blade  to  gear  via 
transmission,  etc.  On  one  strike,  a  detailed  visual  inspection  of 
hub  components  could  find  no  evidence  of  arcing  or  burning. 
In  neither  case  were  major  components  (save  blades)  replaced. 
No  service  difficulties  are  traceable  to  these  incidents.  Several 
strikes  have  been  reported  on  RAF  CH-47’s  (HC  Mk  1)  with 
similar  minor  results. 

In  1970,  the  British  presented  a  paper,  Report  Number 
700936,  at  the  1970  "Lightning  and  Static  Electricity  Con¬ 
ference”  authored  by  Breland,  Quinllvai  and  Kuo  which 
reports  on  tests  of  full  size  helicopter  transmission  compo¬ 
nents  and  suggests  that  no  permanent  damage  results  during 
a  lightning  strike.  This  is  due  to  the  large  number  of  multiple 
paths,  large  size  of  the  gear  and  bearing  contact  surfaces  unU 
the  high  preload  on  these  surfaces,  particularly  when  flying. 
This  has  been  the  situation  experienced  by  CH-47's  in  serv'ce 
to  date. 

Testing  (since  1965)  of  bearings  and  gears  at  Vertol 
indicates  that  if  any  arcing  occurred  across  gear  teeth  or 
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bearings  while  in  flight,  said  arcing  is  in  the  primary  load  path 
and  if  any  damage  results  would  only  contribute  to  spalling  on 
the  load  surface.  Such  failures,  however,  are  not  catastrophic 
in  nature  and  are  generally  detoctable  prior  to  becoming 
serious. 

Both  of  the  remaining  forward  blades  (yellow  and  red, 
respectively)  show  sign*,  of  carrying  considerably  less  current 
i  nto  the  airf ramu .  After  the  green  blade  breaks  contact  with  the 
arc  channel,  there  is  an  Interval  of  approximately  0.091 
seconds  prior  to  contact  with  the  arc  channel  by  the  following 
blade.  It  is  uncertain  whether  the  branch  channel  from  the 
main  arc  to  the  jack  pad  (Figure  18)  coulu  be  maintained  by 
residual  temperature  and  no  current  flow  until  current  couid 
be  supplied  by  the  second  blade  followed  by  another  inter¬ 
ruption  of  91  milliseconds  followed  by  the  third  current  pulse 
from  the  third  blade.  It  is  more  likely  that  the  branch  ex¬ 
tinguished  prior  to  the  second  blade  contacting  the  channel. 
Accordingly,  the  remaining  two  forward  blades  and  the  one  aft 
blade  were  probably  involved  on  the  initial  return  stroke,  via 
branched  channel, where  a  portion  of  the  current  went  from  the 
main  channel  below  the  aircraft  via  two  paths,  the  branch  to 
the  jack  pad  and  the  main  channel  to  the  tiedown  fitting,  via  the 
airframe  to  the  main  channel  via  the  green  blade  trailing  edge 
and  via  the  airframe  and  remaining  three  involved  blades  to 
three  additional  branch  channels  to  the  main  channel.  This  Is 
the  only  current  path  which  Is  supported  by  the  tell-tales  and 
damage  assessment  and  known  entry/exit  points. 

The  forward  yellow  and  red  end  the  aft  blade  were  each 
involved  once  more  with  the  lightning  channel.  This  was  as 
each  blade  swept  through  the  main  channel.  Since  the  channel 
branch  to  the  jack  pad  was  probably  extinguished,  these 
encounters  went  traveling  inboard  to  the  airframe.  If  the 
branch  channel  was  not  extinguished,  minor  currents  would 
have  followed  the  previous  path  to  the  hud;  however,  con¬ 
siderably  less  than  on  the  initial  return  stroke. 

STRIKE  SCENARIO  SUMMARY  —  The  major  current 
was  confined  to  the  forward  green  blade.  P  smaller  portion 
traveled  to  the  airframe/drive  system  where  U  exited  via  branch 
streamers  to  two  other  forward  blades,  one  aft  blade  and  the 
forward  left  gear  scissors  jack  pad.  The  current  estimate  in  the 
forward  hub  is  less  than  30,000  amp  peak.  This  current  is  split 
three  ways,  two  forwaid  blades,  one  aft  blade.  The  jack  pad 
actad  as  a  current  source,  contributing  to  the  input  from  the 
green  blade  root  end.  Damage  to  blades  consisted  of  cosmetics 
and  replacement  of  tell-tale  jumpers. 

The  analysis  sequence  exhibited  in  the  report  of  this 
experience  is  an  example  of  the  logical  approach  reauired  in 
lightning  strike  investigations.  Such  attention  Is  basic  to 
insuring  ihat  all  exit  and  entry  points  are  repaired  and 
repainted  prior  to  the  aircrpft's  re-entry  into  service. 


The  ADF  failure  was  repaired  by  replacing  an  open  ADF 
sense  antenna.  There  was  no  evidence  of  arcing  on  the 
antenna,  antenna  base  or  fuselage  skin  near  it.  The  ADF  failure 
may  be  due  to  an  unrelated  antenna  mechanical  failure.  The 
antenna  is  being  returned  to  the  manufacturer  for  failure 
analysis  by  the  aircraft  operator.  This  failure  report  is  not 
available  at  this  time.  All  other  ADF  components  and  controls 
functioned  normally. 

FUTURE  PLANS 

Much  research  and  development  work  is  being  done  by 
various  manufacturers  in  the  area  of  composite  rotor  hubs, 
composite  rotor  shafts  and  composite  transmissions.  We  are 
also  active  in  many  of  these  areas.  Composite  rotor  shaft 
design  concepts  have  already  met  or  exceeded  mechanical, 
dynamic  and  lightning  survivability  criteria.  Composite  rotor 
hubs  are  under  development.  The  electromagnetic  achieve¬ 
ments  and  characteristics  will  be  reported  in  subsequent 
publications. 
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Fig.  3  -  Forward  fuselage  -  front  view 
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[:ig.  4  —  Pitot  static  probe 
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Fig.  5  —  Radome  design 
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Fig.  6  -  Center  fuselage 
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Fig.  11  —  General  fuel  system  arrangement 
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Fig.  12—  Pod  bonding  jumpers 
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Fig.  13  -  Fuel  pod  interior 
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Fig.  14  —  Gasket  with  lightning  scallops 
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Fig.  15—  Fuel  probe  mounting 
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✓  TIED  TO  MAIN  FUSELAGE 
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Fig.  17  —  Fuel  cell  vent 
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Fig.  19—  Arc  channel  configuration  top  view 
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